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Abstract 
The aluminium alloy, AA2024-T3, has been used for many years particularly in 
aerospace applications due to its ideal combination of high strength and relatively low 
weight. The strength of AA2024-T3 as well as its corrosion susceptibility arises due 
to the presence of certain second phase particles embedded in its matrix. One of the 
most effective methods in controlling corrosion on AA2024-T3 is with the use of 
corrosion inhibitors, the most effective being the hexavalent chromate-based 
inhibitors. Due to the toxic and carcinogenic properties associated with chromate-
based inhibitors, an alternative inhibitor system that is more environmentally friendly 
for the aluminium alloy AA2024-T3 has been under investigation for several decades. 
The effectiveness of rare earth cations combined with an organic ligand has shown 
promise to replace chromate inhibitors. Since local corrosion typically initiates over 
and around the Cu-rich intermetallic particles embedded in AA2024-T3, it was 
hypothesised that a more effective rare earth-organic inhibitor could be found by 
incorporating a thiol-based organic into the inhibitor.  
In this work, the inhibition mechanisms of cerium mercaptoacetate and 
praseodymium mercaptoacetate was investigated using electrochemistry and surface 
characterisation techniques. At a concentration of 10-4 M, potentiodynamic 
polarisation revealed that the rare earth mercaptoacetate (rare earth-MAcet) provided 
predominantly cathodic inhibition within the first 30 minutes of immersion and an 
increasing anodic mode of inhibition after 24 hours of immersion. Scanning electron 
microscopy and energy dispersive X-ray spectroscopy (SEM/EDS) in combination 
with time of flight secondary ion mass spectrometry (ToF-SIMS) detected the 
deposition of a film over the S-phase particles (referred to as the S-phase film) as well 
as a film over the other cathodic intermetallic particles and the alloy matrix (referred 
to as the general film). The S-phase particles were found to have de-alloyed within 30 
minutes of immersion. A third type of deposit is also observed which was randomly 
positioned over the alloy surface (referred to as the surface deposits).  
An increase in concentration to 10-3 M resulted in the almost immediate 
inhibition of the S-phase de-alloying process. Only the general film and the local 
general deposits were observable using the SEM/EDS. Experimenting at an inhibitor 
concentration which was considered to be insufficient (10-4 M) and thus resulting in 
poor inhibition performance has revealed significant details which would not have 
been otherwise observed if experiments were only performed at the higher 
concentration of 10-3 M. This highlights the necessity of conducting experiments with 
the inhibitor at various concentration conditions.  
The wire beam electrode (WBE) method was used to simulate the corrosion 
behaviour of a single cluster of intermetallic particles in an Al-Cu alloy system and to 
monitor the effect on local cathodic and anodic activity in the absence or presence of 
Pr(MAcet)3. The corrosion behaviour of the WBE suggested that the location of 
corrosion attack was influenced by the positioning of cathodic sites with respect to the 
alloy matrix. Pr(MAcet)3 demonstrated insignificant inhibition of local current 
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densities at a concentration of 10-4 M. In contrast at a concentration of 10-3 M, 
Pr(MAcet)3 achieved a more significant reduction in the current densities of the whole 
WBE surface compared to Na-MAcet at a concentration of 3x10-3 M. In addition, 
Pr(MAcet)3 was able to reach a minimum stable current of all electrodes on the WBE 
with 6 times less time compared to PrCl3 at the same concentration of 10-3 M. The 
addition of Pr(MAcet)3 into solution after the WBE had been immersed in 0.1 M NaCl 
for 1 hour still resulted in the reduction of all currents towards zero when the 
concentration of Pr(MAcet)3 was 10-3 M. 
The use of the electron probe microanalyser (EPMA) revealed that, within 16 
minutes of immersion, the rare earth-MAcet inhibitors indeed provided corrosion 
inhibition of the S-phase de-alloying process. The most clustered sites were not 
necessarily the most severely corroded sites. Within 16 minutes, the most susceptible 
sites of local attack observed in this work, required the presence of at least one S-
phase particle with a surface area larger than the combine surface area of Type 2, 5 
and 6 intermetallics. An increase in this surface area ratio (meaning larger S-phase 
area), resulted in an increase in the surrounding corrosion ring in the absence of the 
rare earth-MAcet inhibitors. However, in the presence of the rare earth-MAcet 
inhibitors at a concentration of 10-4 M, the inhibitor deposit radius was independent 
of the surface area ratio of S-phase versus Type 2, 5 and 6 combined.  
It was therefore hypothesised that at least three types of inhibitor films 
deposition the AA2024-T3 surface during immersion in a solution of 0.1 M NaCl in 
the presence of the rare earth-MAcet inhibitors. The level of inhibition is dependent 
on both the inhibitor concentration and the immersion time.  
Using the average icorr values as an estimation of the level of inhibition, the rare 
earth-MAcet inhibitors were compared to their respective rare earth 
diphenylphosphate inhibitor counterparts. The average icorr values of Ce(MAcet)3 after 
30 minutes and 24 hours of immersion were not significantly different to the values 
of Ce(dpp)3 when considering that the latter was measured at 2x10-4 M as compared 
to 10-4 M for Ce(MAcet)3. In contrast after a 30 minute immersion, Pr(MAcet)3 at a 
concentration of 10-4 M achieved the same average icorr value as Pr(dpp)3 at a 
concentration of 2 x 10-4 M. This suggests that under the experimental conditions, 
Pr(MAcet)3 demonstrated better levels of inhibition compared to Pr(dpp)3.  
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24 hour immersion period. It should also be noted that no trenching is observed and 
S-phase does not de-alloy. ....................................................................................... 207 
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Chapter 1 - Introduction 
1.1. Cost of corrosion to economy 
The cost of corrosion in the United States in 1982 was estimated to be US$126 
billion. This figure was an underestimation since it did not take into account factors 
indirectly affected by corrosion such as loss of materials, contamination (rust in a 
water supply) and loss of efficiency due to temporary shutdown of working processes 
due to the need for maintenance 1. From British and American surveys, the cost of 
corrosion was approximately 4.5 % of Gross National Product (approximately $8.79 
trillion) when both direct and indirect costs were combined 2. The problem of 
corrosion can even cause issues on non-stationary structures such as fighter jets and 
commercial aeroplanes. Several parts of the plane require specific aluminium alloys 
that have high strength, however, such alloys typically suffer high susceptibility to 
localised corrosion. Considering the sheer size, the number of aeroplanes in a single 
fleet and the difficulty in locating corroding sites, the costs of maintenance alone for 
any airline would be significant. These costs would of course be passed onto the 
passengers and it becomes evident that corrosion not only affects the service life of 
structures but also increases the margin between affordable and expensive travel. 
1.2. The corrosion susceptibility of AA2024-T3  
One of the most investigated materials today is the aluminium alloy, AA2024-
T3 because of its common use as part of aeroplane fuselages and wings. The high 
strength and relatively low weight are properties essential for withstanding the harsh 
conditions that aeroplanes are repeatedly put through during their service life, while 
limiting operational costs (such as fuel consumption) by minimising the overall 
weight of the plane 3, 4. The addition of alloying elements (in this case magnesium and 
copper) and application of specific heat treatments result in the nucleation of second 
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phase intermetallic particles embedded within the matrix; the nature of these particles 
is specific to the alloy. Intermetallic particles typically form from clustered alloying 
elements within the solid solution which then develop into several types of particles 
with varied compositions depending on the alloy heat treatments and ageing 5-10. Some 
particles may also form during the solidification of the initial alloy ingot; most of 
these are known as constituent particles. Examples of these for AA2024-T3 include 
Al7Cu2Fe, Al2CuMg, Al2Cu and Al3(Cu,Fe,Mn) 3, 11, 12.  
The relatively high Cu content in AA2024-T3 leaves the alloy highly 
susceptible to localised corrosion 5. Pitting corrosion on the surface of AA2024-T3 
typically initiates on the alloy matrix immediately surrounding these intermetallic 
particles which can then lead to other corrosion problems such as intergranular attack 
as long as the grain boundaries are susceptible to local attack. The details of pitting 
and the influence of certain intermetallic particles will be discussed in more detail in 
Chapter 2. 
1.3. Reasons for corrosion protection  
If corrosion attack on an AA2024-T3 alloy gets to an advanced stage, the 
damage will go deeper into the bulk of the material leading to significant reductions 
in the service life of the whole structure. Such corrosion damage can easily lead to 
catastrophic failure, damage to property or even loss of life. As an example, in 1988 
the fuselage a Boeing 737 aeroplane travelling from Hilo to Honolulu, Hawaii ripped 
open at an altitude of 24,000 feet 13. On the day of the disaster, the plane had 
previously made at least three round trips between the islands of Honolulu, Hilo, Maui 
and Kaual without any problems. The fuselage can be seen as the skin of the plane 
and is held in place by rivet joints 14. It was found that corrosive species penetrated 
the riveted joints and initiated small cracks in close proximity to the rivet holes. The 
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cracks would then join up simultaneously and cause a large failure of the aeroplane 
fuselage. Such cracks would have been too small to see or hidden under paint. It is 
therefore essential to implement strategies to prevent the initiation of corrosion 
processes and thus prevent issues such as crack propagation. One cost effective 
method in limiting corrosion on aeroplanes is the incorporation of corrosion inhibitors 
into the paint system and sealants. This will be the topic of the following section.  
1.4. The use of inhibitors and the health hazards of chromate-based inhibitors 
The coating system on a typical commercial aeroplane consists of several 
distinct layers, including an anodised layer, the conversion coating, primer and top 
coat. The inhibitor pigments are present in the primer layer. The gold standard for 
inhibitors in terms of effectiveness are the chromate-based inhibitors (such as 
strontium chromate and zinc dichromate). The mechanisms of inhibition of chromate 
inhibitors are covered in more detail in Chapter 2. Since 1982, the use of chromate 
inhibitors has been gradually phased out due to the health hazards they pose 15. 
Chromates are known carcinogens and environmentally harmful. Inhalation can lead 
to lung cancer. The molecules that are produced during the reduction process of 
Cr(VI) to Cr(III) ions can cause direct changes to DNA which result in cancer 16. 
While alternative systems to replace chromates have been found for the majority of 
applications, the remaining few applications, such as aerospace structures, have yet to 
find alternatives since the risk of failure was too high for any other system. Fighter 
jets are commonly exposed to highly corrosive aerosols from the ocean environment 
while on an aircraft carrier. Since the failure of an aeroplane in mid-flight has a high 
risk of loss of life, there is currently no other option but to use chromate-based 
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inhibitors. Such an issue has sparked many studies on alternative inhibitor systems 
which will now be discussed. 
1.5. Alternative inhibitor systems and their limitations 
To date there have been numerous inhibitor systems that have been studied 
which demonstrated promising inhibition efficiency; however, no system has been 
able to match the effectiveness of chromates. These include vanadates 17, rare earth 
salts 18, 19 and organics (mercaptoacetic acid and benzoate) and inorganics 
(molybdates and phosphates) 15, 20. In recent years, rare earth-organic systems, 
including praseodymium diphenyl phosphate (Pr(dpp)3)21 and cerium dibutyl 
phosphate (Ce(dbp)3), have demonstrated efficient inhibition of corrosion on 
AA2024-T3 22-26. These combinations of organics and rare earth salts have typically 
shown “synergistic” inhibition whereby the level of inhibition of the combined rare 
earth-organic was significantly greater than the rare earth salt or the organic tested 
separately. The efficiencies of these rare earth-organic inhibitors have been shown to 
change depending on the organic ligand used in the inhibitor 27. Therefore significant 
effort should be placed in selecting an appropriate organic ligand to be coupled with 
the rare earth cation. Organic compounds containing a thiol group (-SH) has 
demonstrated high levels of inhibition on AA2024-T3 and AA7075-T6 20. As 
described in Section 1.7, the ligand mercaptoacetate was selected to be coupled with 
cerium or praseodymium and investigated in this thesis. 
1.6. Intermetallic particle clustering and its influence on the initiation of 
localised corrosion on the surface of AA2024-T3 
The intermetallic particles embedded in the AA2024-T3 matrix are known to 
have dissimilar open circuit potentials (OCP) to that of the alloy matrix as well as to 
those of other intermetallic particles with different compositions; this inevitably 
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affects their respective local corrosion behaviour 28. Although it is known that 
clustering of particular intermetallic particles can result in the initiation of more severe 
localised corrosion attack, the details of which intermetallic composition is driving 
this behaviour is not yet fully understood. This thesis will shed light on understanding 
the effects of individual intermetallic compositions on the corrosion process of 
AA2024-T3 as well as the influence of rare earth-organic inhibitors at these sites. 
1.7. Initial Multiwells screening of mercaptoacetate as the organic ligand 
Initial inhibitor screening was performed prior to the work covered in this thesis 
to identify an appropriate combination of rare earth ion and organic compound. A high 
through-put method known as the Multiwells Method29 was used to rapidly determine 
the level of corrosion inhibition afforded by cerium chloride or praseodymium 
chloride mixed with one of nine organic compounds. The details of the technique can 
be found in Appendix A1. The organic mercaptoacetate anion was selected to be 
coupled with either cerium or praseodymium cations because of the high level of 
inhibition observed at pH 3 as well as its effectiveness as a corrosion inhibitor for 
AA2024-T3 20. In addition, the synthesised compounds corresponding to these 
mixtures exhibited relatively constant inhibition at pH 3, 6, 8.5 and 10. The chemical 
structure of the mercaptoacetate anion is presented in Figure 1.1. 
 
Figure 1.1: The structure of the deprotonated mercaptoacetate anion with hydrogen missing 
from one of the oxygen atoms of the carboxylate group. 
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1.8. Project aims and summary 
The objectives of this thesis are therefore: 
1. To understand the inhibition mechanisms of the rare earth-organic inhibitors, 
cerium mercaptoacetate (Ce(MAcet)3·3H2O) and praseodymium 
mercaptoacetate (Pr(MAcet)3·3H2O). 
2. To identify the effects these inhibitors have on the initiation of localised 
corrosion on the surface of AA2024-T3. 
3. To identify how certain intermetallic particles influence severe localised 
corrosion attack at sites of clustered intermetallic particles and what effect the 
Ce(MAcet)3 and Pr(MAcet)3 inhibitors have at these sites.  
This thesis consists of eight chapters. The current chapter (Chapter 1) provides 
a brief introduction and reasons for the current work. In Chapter 2, the literature on 
the corrosion susceptibility of AA2024-T3 is presented as well as the process of 
corrosion attack on the surface of the alloy. In addition, literature concerning the 
inhibition mechanisms of chromate inhibitors, possible inhibitor alternatives, the 
improved level of inhibition using the combination of an appropriate pair of inhibitors 
as well as the influence of intermetallic particle clustering on the initiation and 
severity of corrosion attack is discussed. Chapter 3 goes into more detail of the 
hypothesis, motivations and plan of the research project to understand the mechanism 
of inhibition of the rare earth-MAcet inhibitors. The experimental procedures are 
detailed in Chapter 4. The results and discussion of the current work are compiled and 
interpreted in Chapters 5, 6 and 7. Chapter 5 analyses the data collected from 
potentiodynamic polarisation experiments and surface characterisation of immersion 
samples using Secondary Electron Microscopy, Energy Dispersive X-ray 
Spectroscopy and Time of Flight-Secondary Ion Mass Spectrometry. Chapter 6 uses 
a Wirebeam Electrode to simulate the behaviour of local anodes and cathodes on the 
surface of AA2024-T3 when immersed in a NaCl 0.1 M solution with or without the 
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presence of inhibitors. Chapter 7 analyses the effect of proximity between certain 
intermetallic particle compositions using EPMA (Electron Probe MicroAnalyser) on 
the film formation process over AA2024-T3. Chapter 8 compiles all the gathered 
observations to propose the most likely mechanism of inhibition specific to the rare 
earth mercaptoacetate system. In addition, the Conclusions and Recommendations 
from this work are presented in this chapter. 
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Chapter 2 - Literature review 
2.1. Introduction 
In Chapter 1, the problems caused by corrosion and the burden on the economy 
was discussed. It was then concluded that stifling corrosion attack needed to be 
addressed, not just to maximise the service life of structures, but also from a financial 
and environmental perspective. This chapter reviews literature on the basics of 
corrosion reactions, the process of corrosion that is commonly observed on the surface 
of AA2024-T3, as well as the inhibition mechanisms of chromate, alternative inhibitor 
systems and the effect of clustering of intermetallic particles.  
2.2. Pitting corrosion and the susceptibility of AA2024-T3 
2.2.1. The corrosion process of pitting 
Almost all corrosion processes require the presence of an anode, a cathode and 
an electrolyte. The electrolyte allows the movement of ions; electrons move through 
the metal involved in the corrosion processes. The anode is where the solid metal is 
oxidised and dissolved, resulting in the release of both electrons and substrate ions. 
An example of this is shown in Reaction 2.1 whereby aluminium is oxidised to Al3+ 
from the pure aluminium substrate. 
Aluminium oxidation at the anode  Al(s) Æ Al3+(aq) + 3e-  Reaction 
2.1 
The electrons from the anodic site travel through the metal towards the cathodic 
site. The reactions that can occur at the cathode include the evolution of hydrogen 
(Reaction 2.2) and oxygen reduction (Reaction 2.3 in acidic media) 30, 31. In neutral to 
alkaline conditions, Reaction 2.4 will take the place of Reaction 2.3 30 and the water 
reduction can also occur (Reaction 2.5) 32. 
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Hydrogen evolution   2H+(aq) + 2e- Æ H2(g)   Reaction 
2.2 
Oxygen reduction (acidic)  O2(aq) + 4H+(aq) + 4e- Æ 2H2O(l) Reaction 
2.3 
Oxygen reduction (neutral/basic) O2(aq) + 2H2O(l) + 4e- Æ 4OH-(aq) Reaction 
2.4 
Water reduction (neutral/basic) 2H2O(l) + 2e- Æ H2(g) + 2OH-(aq) Reaction 
2.5 
 
Figure 2.1: A schematic of a corrosion cell under a droplet that has developed on the surface of 
aluminium metal. Adopted from Vargel 30. 
For simplicity, Figure 2.1 shows a water droplet present over a pure aluminium 
substrate. Upon exposure to a given environment, it is generally agreed that the 
aluminium metal will rapidly react with species in the environment and form a passive 
or oxide film as shown at the metal surface. Even exposure to air will almost 
instantaneously cause the formation of an oxide film. When a droplet is placed on the 
aluminium surface, corrosion reactions will be established causing the surface film to 
be altered. Depending on the electrolytes present in the droplet, the characteristics, 
such as the composition, structure and thickness, of the film may be affected 33. The 
presence of aggressive species, such as chloride, can cause the film to locally dissolve. 
It is clear that the aluminium substrate is dissolved at the anode resulting in the 
formation of a pit and production of corrosion product close to the cathode 30, 34, 35. 
Pitting is a very dangerous mode of corrosion as it can lead to more severe forms of 
localised corrosion attack. It is commonly assumed that pitting can only take place on 
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a metal with a passive film. Passive films typically form due to the reaction between 
the metal substrate and the air of a given environment 36. The degree of protection that 
a particular passive film provides is dependent on the metal and in some cases, the 
conditions in which the passive film was formed 35. Some passive films are very 
porous or don’t adhere to the substrate well and some are significantly thinner than 
others 36. With the introduction of corrosive species, such as the presence of NaCl in 
solution, the Cl- ions can interact with the passive layer and cause it to break down. 
The electrolyte containing the Cl- ions can also reach the underlying metal through 
pathways in the passive film, like micropores, enabling localised corrosion to ensue 
31, 35, 37, 38.  
Pitting is one of the main modes of attack that takes place on the surface of 
AA2024-T3 when present in a corrosive environment; however, the mechanisms of 
film break down are still being debated by researchers. Such mechanisms include 
attack at weak spots, field independent/dependent anions penetrating into the oxide 
film, potential dependent anion adsorption and local film dissolution 35. The film 
breaking mechanism, assumes that during the dehydration of electrolyte, 
electrostriction or interfacial tension between the oxide and metal can repeatedly 
break the passive film at weak points. These points might be stress concentrated 
regions or defects in the film. If there are no aggressive ions present, such as Cl- ions, 
the ruptured film can repassivate and prevent further metal dissolution. However, the 
presence of Cl- ions disrupts the repassivation and metal dissolution is favoured 38, 39. 
The breakdown of the passive film at certain sites results in a potential gradient with 
other sites on the metal and thus the establishment of local anodes and cathodes. 
Corrosion reactions take place between numerous anodes and cathodes (Reaction 2.1 
and Reactions 2.2-2.5 respectively) all over the metal surface causing the nucleation 
of pits and aluminium hydrolysis (Reaction 2.6) within the pits 32, 37. The solution at 
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the tip of the pit will be highly acidic due to the presence of Cl- ions maintaining 
electroneutrality and contributing to reactions that produce H+ ions (Reaction 2.2 and 
2.6). The Al3+ ions will migrate away from the pit due to the potential gradient and 
precipitate as hydroxides35. The pH conditions within a pit is expected to be less than 
pH 4 on aluminium 40 and as high as pH 9.5 was measured around cathodic sites in 
AA6061 41. The high concentration of positively charged ions at the pit tip will cause 
the migration of Cl- ions towards the pit tip to neutralise the charge; this migration can 
contribute to the progression of the pit.  
Aluminium hydrolysis Al3+(aq) + 3H2O(l) Æ Al(OH)3(ppt) + 3H+ Reaction 
2.6 
It is commonly agreed that there are three main stages of pitting: nucleation, 
metastable pitting and finally stable pitting 42. As previously mentioned, a metal with 
a passive film can be exposed to a corrosive environment leading to the breakdown of 
the passive film, setting up a corrosion cell and resulting in the formation or nucleation 
of a pit at the site of film rupture. This is the nucleation stage 43. Galvele proposed a 
model for pitting whereby once a minimum current density relative to the pit depth 
was reached, the pit will continue to grow 44. Prior to reaching this minimum current, 
the pit would be considered to be within the metastable stage since the pit could either 
continue growing or be repassivated. In addition, it was suggested that a salt film can 
precipitate within the pit 39. While this is not necessary for the stabilisation of the pit, 
it has been proposed to assist in maintaining the necessary amount of current density 
by stifling mass transport into the pit and thus limiting the dilution of the pit solution 
44. It was proposed that the susceptibility of an alloy towards pitting is more accurately 
provided by the susceptibility of an alloy towards metastable pitting instead of its 
pitting potential (Epit) 45-51. Burstein and Pistorius reported that smooth surfaces will 
have a reduced number of metastable pitting incidents and once a metastable pit had 
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repassivated, it was less likely to initiate as a pit once again 51. If the currents within 
the metastable pit can be maintained, the pit can become stable and continue to 
propagate 31, 39.  
2.2.2. Processing of AA2024-T3 and microstructure 
Corrosion on the surface of AA2024-T3 is complicated and understanding it 
also requires understanding the alloy microstructure 30. Therefore this section will be 
devoted to the processing procedure used for AA2024-T3 and the resulting surface 
microstructure.  
During the casting process, certain alloying elements are added to the 
aluminium melt, each element having specific effects on the final microstructure; for 
example, the addition of copper improves the mechanical properties of the alloy. After 
all the elements are melted completely, the melt is poured into a water-cooled 
aluminium or copper mould and die cast to produce an ingot. At this stage the 
microstructure is relatively unaltered and would be dependent on the nucleation 
method. The “T3” in the alloy name, AA2024-T3, corresponds to the treatment which 
is then applied to the ingot. The typical T3 treatment involves applying a solution heat 
treatment at approximately 495 °C which dissolves alloying elements into a single 
solid solution. Subsequent quenching or rapid cooling by immersion in water is 
applied to the alloy to trap dissolved alloying elements within the aluminium matrix 
in the form of a supersaturated solid solution. To further improve the strength of the 
alloy, cold working is applied resulting increased dislocation density and nucleation 
sites for intermediate phases that give rise to the equilibrium precipitates, such as 
hardening precipitates. Natural ageing at approximately 20 °C for four days results in 
the nucleation of such phases and simultaneously provides additional strength 30.  
 Literature review 
  P a g e  | 13 
Depending on the stage of processing, different second-phase or intermetallic 
particles can nucleate and be embedded in the final alloy product. These particles 
include constituent and impurity particles (> 0.5 μm), dispersoids (100-500 nm) and 
hardening precipitates (< 200 nm).  
The majority of research has focused on the constituent particles due to their 
relatively larger size and therefore has a greater influence on the heterogeneity and 
corrosion susceptibility of the AA2024-T3 alloy 52-54. Hardening precipitates have 
been given relatively less attention in terms of corrosion activity, however, their 
corrosion activity has been shown to significantly increase once their size is greater 
than approximately 3 nm 55. This work will focus on the influence of the constituent 
particles on the corrosion activity of AA2024-T3.   
As described earlier this section, the processing of AA2024-T3 results in 
numerous changes to the alloy microstructure. The resulting surface of the 
commercial alloy is complex and highly heterogeneous in terms of (but not limited 
to) composition, electrochemical properties and physical properties. Since alloy 
manufacturers are continuously adjusting the composition of the alloy to refine 
mechanical properties and limit impurity levels, the composition of intermetallic 
particles have shown some inconsistencies in the literature. It was also assumed that 
the composition of a single particle was homogeneous but recently it has been reported 
that a single particle may contain several intermetallic domains or compositions 56. 
An example of this is the observation of mixed S-phase and θ-phase particles 11, 57, 58. 
The composition of intermetallic particles can be categorised in three groups: i) Al-
Cu-Fe-Mn with relatively small amounts of Si and Mg 59, ii) Al-Cu-Mg60 and Al-Cu61 
and iii) Mg and Si with relatively small amounts of Al-Cu-Fe-Mn 59. The different 
intermetallic compositions within each category could be distinguished depending on 
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their Cu content 59. Furthermore, different batches of alloys may or may not contain 
certain intermetallic compositions. Hughes et al. 59 analysed ten different batches of 
AA2025-T3, one of which was over 50 years old, and observed that some intermetallic 
compositions were not always present in the alloy. There were even minor differences 
between sheets of AA2024-T3 that were manufactured from the same batch of alloy.  
To further complicate the AA2024-T3 surface, factors such as the Beilby layer 
that is left behind as a result of varied methods of mechanical polishing5, 62, 63 and 
dispersoid-free zones61 can all contribute to the high surface heterogeneity of the 
alloy. Indeed, the clustering of intermetallic particles has been found to significantly 
influence the initiation of corrosion attack and therefore will be discussed later in this 
chapter. 
2.2.3. Pitting of AA2024-T3 
As mentioned in Section 1.2, the addition of alloying elements and the 
processing method all contribute to produce the high strength of AA2024-T3, 
however, the presence of constituent particles with different compositions results in 
both chemical and electrochemical heterogeneity of the surface increasing the 
susceptibility of AA2024-T3 towards localised corrosion. Dispersoids and 
sufficiently small intermetallic particles (< 3 μm) don’t appear to significantly 
influence localised corrosion susceptibility 47, 64.  
The initiation of pitting on AA2024-T3 typically takes place at the alloy matrix 
immediately adjacent to these constituent intermetallic particles 5, 65-67. Each of the 
different phases within AA2024-T3 have varied electrochemical properties 68-70. 
Birbilis and Buchheit demonstrated that the most active intermetallic particles were 
not always the most anodic and the most noble particles were not necessarily the most 
active cathodic 64. It was more important to determine the current at the OCP of 
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AA2024-T3. On AA2024-T3, the majority of intermetallic particles (except for S-
phase) are cathodic relative to the alloy matrix 57. It is well established that S-phase 
particles are initially anodic relative to the matrix resulting in the preferential 
dissolution (also known as de-alloying) of magnesium and aluminium from the S-
phase particle within the first 15 minutes of immersion 71-75. A copper-rich remnant 
particle is left behind after the de-alloying of S-phase. Pitting then initiates around the 
copper remnant since it will act as a highly efficient cathode with the surrounding 
matrix acting as the anode. This form of pitting is known as trenching due to the 
physical appearance of the pits resembling trenches. Over time or at varied pH, 
AlCuFeMn and AlCuFeMnSi particles will show evidence of trenching at the adjacent 
matrix surface41, 65, 76 which has been detected using fluorescence dye 77, 78. A 
schematic of this process is shown in Figure 2.2. The order in which these 
intermetallic particles corrode could be related to their respective OCP values. Under 
neutral conditions the order of OCP of these particles, bulk AA2024-T3 and pure Al 
and Cu was Cu > AlCuFeMn > Al2Cu > AA2024-T3 > Al2CuMg > Al 57. Here it can 
be seen that AlCuFeMn was relatively more cathodic compared to AA2024-T3 whilst 
AlCuMg (potentially S-phase) was more anodic. This suggests that as S-phase 
preferentially de-alloys as the anode, then Cu and AlCuFeMn sites act as cathodes.  
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Figure 2.2: Schematic of the de-alloying of S-phase leading to trenching. A) A metal surface 
with intermetallic particles on the surface. B) Al and Mg de-alloy out of the S-phase. C) The 
remaining Cu particle acts as the cathode causing the surrounding area to trench. Cu may 
replate back onto the surface to act as another cathodic site D) Trenching occurs on the other 
intermetallic particles 
2.2.4. Isolated intermetallic particles and clusters of intermetallic particles 
As described in the previous section, the presence of intermetallic particles 
embedded within the alloy matrix leads to a very heterogeneous surface. This is 
further complicated by the fact that the severity of corrosion attack at particular sites 
depends on the proximity of these particles to each other. An example is the type of 
corrosion attack on isolated or clustered particle sites as observed by Liao et al. 79. 
Isolated intermetallic particle corrosion tended to be slow and appeared to stop after 
a given time. On the contrary, clusters of intermetallic particles were attacked much 
more severely compared to other sites. It was proposed that isolated particles would 
corrode and trench until the electrical connection between the isolated particle and the 
surrounding alloy was cut off. In recent years, the intermetallic particle compositions 
making up the clusters have also been shown to affect the level of corrosion expected 
at certain sites. Leblanc et al. observed that the initiation of pitting around particles 
was dependent on the characteristics of a given particle as well as the characteristics 
of neighbouring particles 28. Having an AlCuFeMn particle neighbouring another 
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AlCuFeMn particle did not lead to pitting whereas the presence of an AlCuFeMn 
particle next to an S-phase particle did lead to trenching around the S-phase particle 
only. In contrast, having two neighbouring S-phase particles (one being significantly 
larger than the other) led to trenching around the larger S-phase only. This suggests 
that clustering of intermetallic particles, and, in particular, the compositions of the 
particles within a given cluster, can influence the initiation and severity of trenching 
corrosion. Figure 2.3 illustrates the presence of isolated particles as well as clusters of 
different intermetallic particles on the surface of AA2024-T3. 
 
Figure 2.3: Composition map of a polished AA2024-T3 surface. The violet coloured particles 
are S-phase. The other colours correspond to the numerous other intermetallic particle 
compositions including θ-phase (orange) and Al20(Cu,Fe,Mn)5Si(Al8Fe2Si) (yellow) (from Boag 
et al. 11) 
It has been mentioned that localised corrosion attack tended to be more severe 
at clusters of intermetallic particles at the surface of AA2024-T3. However, localised 
attack is a three dimensional phenomenon and not just limited to the alloy material 
surface that is exposed to the corrosive environment. Subsurface particles have been 
shown to interact with particles at the surface by means of the grain boundary network 
80. As corrosion is driven deeper into the bulk alloy, other modes of corrosion (such 
as intergranular attack) are observed 80. The manner in which the subsurface corrosion 
affects the corrosion processes of the surface can very well influence the type of local 
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corrosion attack on any given material. As will be described in the following sections, 
this work attempts to understand the mechanism of film formation by corrosion 
inhibitors onto the surface of AA2024-T3, and the effect on the initiation of local 
corrosion attack. This means that the focus of this work will be on the corrosion 
processes at the surface of the alloy such as inhibitor film formation.  
Up to this point the majority of surface analysis techniques, such as SEM, can 
only observe the effects of corrosion at individual local sites. So there is a risk that the 
features observed at those particular sites were “exceptional” in that they showed 
features that were more exaggerated compared to other sites on the sample. A more 
accurate representation of the whole alloy surface can be obtained by sampling a 
larger area of the alloy surface and using statistical methods to analyse surface features 
such as clustering of intermetallic particles. Hughes et al. used an Electron Probe 
MicroAnalyser (EPMA) to map out a 2 x 2 mm2 area on the surface of an as polished 
AA2024-T3 and revealed the presence of almost 18,000 intermetallic particles 81. In 
addition, even within a single particle, a number of different compositions were often 
shown to be present. Each individual region of a single composition is known as a 
compositional domain and over 80,000 domains were observed within the examined 
area. The EPMA instrument has previously been used to analyse zircons to study 
correlations between trace rare earth elements as well as refractory materials to better 
understand the microstructure for more accurate estimations of material service life 
82. Thus the EPMA instrument can be used not just for mineral analysis but also 
analysis of alloy microstructure and the correlation with corrosion behaviour. 
Clearly, localised corrosion attack on AA2024-T3 is a complex process that can 
undermine the mechanical properties of the alloy with relative ease. To maximise the 
safe use of AA2024-T3 and to lengthen service life, it is common to incorporate 
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corrosion inhibitors into the paint system being applied over the alloy. The 
mechanisms, benefits and disadvantages of using certain inhibitor systems will be 
discussed in the following section.  
2.3. Corrosion protection for AA2024 
2.3.1. Chromate-based inhibitors 
In solution, hexavalent chromate species are mobile and can migrate easily to 
sites of corrosion. At cathodic sites such as Cu-rich intermetallic particles, the Cr(VI) 
species was expected to reduce the oxygen reduction reaction rate by depositing a 
Cr(III) film 83. By reducing to Cr(III) to form an insoluble layer, the adsorption of 
aggressive ions such as Cl- can be discouraged. The other Cr(VI) species can bond 
directly onto this Cr(III) thin coating and be “stored” for future use. Clark et al. 
observed this to be particularly useful in limiting initiation of localised attack and less 
so for inhibiting growth of attack 83. Cr(IV) was also found to provide anodic 
inhibition and could assist in stabilising local attack sites 83. Chromates are categorised 
as oxide film former inhibitors since they improve the native oxide film of the alloy 
to increase corrosion resistivity. The inhibiting behaviour of chromates is highly 
influenced by concentration and therefore by the dominant species present in solution. 
At relatively low concentrations, at neutral conditions, the dominant species is HCrO4- 
while at acidic conditions the ion becomes fully protonated and the dominant species 
is H2CrO4. At high concentrations, when pH is less than 7, Cr2O72- species are 
dominant but when pH is greater than 7, CrO42- becomes more dominant 16, 84. 
It is generally agreed that a similar mechanism takes place on chromate 
conversion coatings to form a Cr(III) layer at exposed alloy sites and that Cr(VI) ions 
can make temporary bonds onto the Cr(III) layer 37. A scratch in the conversion 
coating or the exposure of the alloy will subsequently cause the stored Cr(VI) to be 
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released and adsorb at the exposed site as Cr(III) 16, 85. One method of producing a 
chromate conversion coating was by immersion in Alodine 1200S solution adjusted 
to a pH of 1.5 using nitric acid 86. Using this method, under acidic conditions, the 
adsorption of Cr(VI) onto the alloy surface is favoured. On the other hand, under 
alkaline conditions, the release of Cr(VI) ions is favoured 87. This suggests that the 
increase in the local pH of an exposed alloy site due to cathodic reactions activates 
the release of the Cr(VI) ions and enables the inhibition process to take place. 
Over two decades ago, Baldwin et al. experimented on alternative inhibitor 
systems, including cerium molybdate and zinc thioglycollate, but none could match 
the efficiency of strontium chromate 88. Even in more recent years, no alternative 
system has been able to demonstrate the same or a greater level of inhibition than the 
chromate-based inhibitors 15, 89, 90. Despite the fact that chromate-based inhibitors are 
efficient and more reliable than any other inhibitor system that have been investigated 
for AA2024-T3, the toxic and carcinogenic nature of chromates demands that 
alternatives be used. A number of alternative systems will be discussed in the 
following section. 
2.3.2. Rare earth salts 
The ideal inhibitor to be used for paint systems are those that could provide 
efficient inhibition at relatively low concentrations 91. A viable alternative to chromate 
inhibitors are rare earth salts since they are not toxic 92, commercial grade salts are 
relatively cheap to obtain93 and provide effective corrosion inhibition for several 
different applications 94. Rare earth inhibitors has demonstrated effective protection 
on numerous materials and the following paragraphs provides a general history of rare 
earth inhibitor research. Hinton et al. reported some of the earliest data showing the 
effectiveness of CeCl318 and other rare earth salts as corrosion inhibitors for AA7075, 
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zinc and mild steel (AS1020) 19, 95. From this work, the lowest corrosion rate on 
AA7075 immersed with 0.1 M NaCl was obtained when CeCl3, LaCl3 or YCl3 was 
added into solution at concentrations between 100 to 1000 ppm 19. Cerium frequently 
demonstrated a more efficient level of inhibition compared to the other lanthanides. 
Comparing cerium and lanthanum cations inhibiting corrosion on AA2024-T3, 
Yasakau et al. attributed the higher level of inhibition by cerium to the lower solubility 
of Ce(OH)396 and it formed a denser surface film compared to La(OH)3 97. Bethencourt 
et al. observed that 500 ppm of CeCl3 added to a solution of 3.5 % NaCl produced the 
highest level of inhibition compared to LaCl3 or SmCl3 98. There has been a number 
of studies characterising the formation of boehmite (Al2O3·H2O) and pseudo-
boehmite (Al2O3·nH2O, where n = 2 or 3) in the presence of rare earth salts, more 
commonly with cerium 99-101. However these studies were performed at relatively 
higher temperatures as this is necessary to form significant levels of boehmite and 
pseudo-boehmite 102.  
Reports focused on the inhibition of rare earth salts were typically performed at 
room temperature. Blin et al. used the weight loss experiments to compare the 
corrosion rate of AS1020 immersed for seven days in the presence of either sodium 
dichromate (Na2Cr2O7) and CeCl3. Although the percentage of inhibition for both 
inhibitors were similar (87 and 82 % for Na2Cr2O7 and CeCl3 respectively) the 
concentration of CeCl3 was tested at 1/10 of the Na2Cr2O7 concentration demonstrating 
that CeCl3 was a possible alternative to the toxic Na2Cr2O7 103.  
Rare earth salts are typically categorised as precipitation protection inhibitors. 
Precipitation protection inhibitors are generally cathodic inhibitors which produce 
insoluble and protective films over the cathodic sites under locally alkaline conditions. 
In the case of the CeCl3 and PrCl3, Arnott et al. proposed the precipitation of rare earth 
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oxides/hydroxides at local cathodes, which effectively stifled the oxygen reduction 
reaction. Cathodic reactions produce OH- ions, resulting in the increase in pH, 
increasing the solubility of the native Al oxide film while decreasing the solubility of 
the rare earth oxides/hydroxides. This causes the native Al oxide film to dissolve into 
solution and rare earth oxides/hydroxides to precipitate at local cathodic sites. 
Considering that a locally high pH is necessary for the rare earth chlorides to provide 
effective inhibition over local cathodic sites, some corrosion is expected to occur in 
order for the rare earth film to deposit on the alloy surface 104, 105. These films are 
expected to isolate the cathode from the corrosive environment and therefore prevent 
the continuation of cathodic reactions 106. Hinton et al. also showed the difference in 
the appearance of deposited inhibitor films on AA7075 when it is immersed in 
solutions containing CeCl3 as opposed to PrCl3 19 which highlights a possible variation 
in corrosion inhibition mechanism depending on which rare earth cation is present.  
On AA2024-T3, the deposition of a cerium-rich film was observed over Cu-rich 
intermetallic particles which are known to be efficient cathodes relative to the alloy 
matrix 107. Furthermore, CeCl3 has been shown to neutralise alkaline conditions at the 
cathode which suggests that Ce(III)/Ce(IV) ions in solution can bond with OH- ions 
and precipitate once saturation is reached 108. This reduction in the concentration of 
OH- ions also returns the pH to more neutral conditions. The deposition rate of cerium 
oxides/hydroxides onto copper alloys has been shown to be influenced by the peroxide 
concentration whereby low concentration led to a low driving force of cerium 
deposition but too high peroxide concentration favoured copper oxide formation 109.  
Although rare earth salts have shown promising results as alternative inhibitors 
to the toxic chromates, the relative effectiveness of rare earth salts can be influenced 
by numerous environmental factors. This may be because the species present depend 
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on the environment 110. In addition, the crystallisation and growth of rare earth 
oxides/hydroxides suggests that cathodic corrosion continues to progress at those 
particular sites and thus failing to completely shut down local corrosion 18, 111. 
2.3.3. Organics compounds and thiol-containing inhibitors 
Another group of inhibitors consists of organic compounds, the majority of 
which typically need to be chemisorbed onto the metal surface/oxide film to be 
effective. Chemisorption of organic compounds is facilitated by the presence of polar 
groups within its chemical structure to attach onto the material substrate. However, 
large variations in inhibition mechanism can be observed depending on their 
respective functional groups or bond locations when present in a corrosive 
environment.  
Organic compounds are typically anodic inhibitors however some can affect 
cathodic or both corrosion reactions 20, 112, 113. Harvey et al. demonstrated that the level 
of inhibition can vary dramatically between organics with the same chemical formula 
but with a minor repositioning of one bond in the structure 20. An example of this can 
be observed with 4, 3 and 2 mercaptobenzoate. These compounds essentially have the 
same chemical formula, the only difference being the site that the thiol group (-SH) is 
bonded on the benzene ring in relation to the carboxylate group (-COO-) as illustrated 
in Figure 2.4. In this case, the ‘ortho’ and ‘para’ positions appeared to be stronger 
inhibitors than the 3-mercaptobenzoate. The more effective inhibition afforded by the 
‘ortho’ and ‘para’ positions was attributed increased chelation opportunity with the 
alloy surface and possibly promote the formation of surface layers.  
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a)  b)  c)  
4-Mercaptobenzoate 3-mercaptobenzoate 2-mercaptobenzoate 
Figure 2.4: Molecular structures of 4, 3 and 2-mercaptobenzoate. The thiol group can be 
bonded at different positions relative to the carboxyl group. The positions are a) para 
corresponding to 4-mercaptobenzoate b) meta corresponding to 3-mercaptobenzoate and c) 
ortho corresponding to 2-mercaptobenzoate. 
A number of S-containing organic compounds were previously found to be 
effective inhibitors for copper alloys 114, 115. Since Cu is a major alloying element in 
AA2024-T3 and has a strong influence on the corrosion behaviour, work has been 
focused in understanding these thiol-containing inhibitors as an inhibitor for AA2024-
T3. DEDTC (N-Diethyl dithiocarbamate) and DMTD (potassium 2,5-dimercapto-
1,3,4-thiadiazolate) are examples of effective thiol-containing inhibitors for AA2024-
T3 116. It was proposed that these types of inhibitors would selectively form chelating 
bonds to the Cu-rich intermetallic particles. The selective adsorption at Cu-rich sites 
on the surface of AA2024-T3 was hypothesised to be due to a strong affinity between 
copper and sulfur 117. The effectiveness of organic compounds as inhibitors was found 
to correlate with the length of the hydrophobic chain within the compound structure 
as well as the positioning of certain functional groups, similar to the example show in 
Figure 2.4 15. Williams et al. proposed that DMTD interacts with the redistributed Cu 
on the surface of AA2024-T3, to form a more protective film 116. The necessity of Cu 
in the inhibition mechanism of 1,2,3 benzotriazole (BTAH) was demonstrated by 
Qafsaoui et al. when experimenting on AA2024-T3 and pure Al substrates 118. 
Precipitation over the Cu-rich intermetallic particles and significant corrosion 
inhibition as observed on AA2024-T3 in the presence of BTAH, however, corrosion 
was accelerated beyond 50 hours of immersion on the pure Al substrate. It has been 
speculated that the strong affinity between Cu and S contributed to the efficient 
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inhibition afforded by S-containing inhibitors 117. Chadwick et al. observed that the 
deposition of an inhibitor film from 2-mercaptobenzothiazole (MBT) or 2-
mercaptobenzimidazole (MBIA) was subject to the bulk conditions that the Cu 
substrate was immersed in. Under acidic conditions (pH < 3.5), the native Cu2O film 
over the substrate would dissolve and releasing Cu into solution. The released Cu 
would interact to form a film composed of Cu-MBT or Cu-MBIA species. At pH > 4, 
the native Cu2O film is stable and therefore will not dissolve. The lack of released Cu 
reduces the rate of inhibitor film deposition 119. Not only does this show that the 
deposition of a Cu-MBT or Cu MBIA film over a Cu site is dependent on pH, but also 
requires corrosion to occur in order to deposit.  
Although in general organic compounds provide strong barrier properties, a 
common drawback was that the adsorbed surface films contain numerous flaws, such 
as micropores, which can allow aggressive species through to allow corrosion damage 
to continue on the underlying material 113. Furthermore, it has been reported that after 
scratching off an area of oxide film over aluminium and aluminium alloys, the 
presence of some organic compounds (including sodium benzoate and mercaptoacetic 
acid) in solution could not repassivate the exposed surface 120. This suggests that as 
long as the protective film formed by the organic compound remains intact and free 
from flaws, efficient inhibition can be achieved. However, the presence of even a 
single crack or micropore can compromise the whole film. For this reason, using 
organic compounds alone as corrosion inhibitors is unlikely to provide a satisfactory 
level of protection at relatively low concentrations. Higher concentrations of an 
inhibitor being added into a paint system may bring the level of inhibition closer to 
the effectiveness of chromate-based inhibitors. However, the maximum efficiency of 
a given inhibitor may fall short of the efficiency of chromates since there will likely 
be an optimum concentration whereby a further increase will no longer result in 
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improved performance. Therefore not all inhibitors can be considered as an alternative 
system for chromate inhibitors. 
From the literature on rare earth salts and organic compounds, it becomes clear 
that an inhibitor composed of only one component is unlikely to provide sufficient 
and reliable inhibition over a wide range of pH conditions. Therefore it was proposed 
that a combination of a rare earth ion with an organic ligand could achieve efficiencies 
that is more effective than the sum of the individual inhibitors and potentially rival 
those of the chromate-based inhibitors 15. This behaviour is generally known as 
synergistic inhibition and the following section discusses several examples of these 
compounds. 
2.3.4. Molybdate inhibitors, synergistic inhibition and rare earth-organic 
inhibitors 
Molybdate has previously demonstrated inhibition efficiencies comparable to 
chromate on ferrous alloys 121. Therefore experiments were conducted in order to 
determine the effectiveness of molybdate as a corrosion inhibitor on aluminium alloys 
122-125. Lopez-Garrity et al. proposed that initially Al at the surface of AA2024-T3 is 
oxidised while the molybdate species are reduced over the intermetallic particles 123. 
Once reduced, a percentage of the molybdate species may be oxidised while 
simultaneously producing protons (H+). The increased H+ concentration will decrease 
local pH conditions which enable the polymerisation of molybdate species (producing 
species such as Mo7O246- and Mo8O264-). Additionally, adsorption on the alloy matrix 
with no reduced molybdate species was considered favourable 123, 125. Emergul et al. 
suggested that the deposited film contains at least two layers, an inner Al oxide and 
the outer layer composing of both Mo(IV) and Mo(VI) oxide species 124. In order for 
sodium molybdate to reach the same level of inhibition as chromate inhibitors for 
AA2024-T3, they must be present in solution at a relatively higher concentration.  
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The definition of synergy in the context of corrosion inhibition is that the 
corrosion inhibition provided by two or more inhibitors acting together is greater than 
the inhibition of each of the individual inhibitors acting alone. Forsyth et al. reported 
one of the earliest work demonstrating the synergistic inhibition afforded by a rare 
earth-organic system for mild steel (AS1020). Both cerium and carboxylate 
compounds were found to be effective inhibitors for mild steel but were found to be 
more effective when combined into the compound, cerium salicylate (Ce(sal)3·H2O) 
126. Using attenuated total reflectance Fourier transform infrared (ATR FTIR) 
spectroscopy, species of cerium, salicylate and the Ce(sal)x compound was found to 
have been incorporated onto the surface coating over the steel after immersion. The 
anodic inhibition was attributed to the deposition of Ce(sal)x species onto the steel by 
means of the carboxylate resulting in anodic inhibition. At longer immersion times, 
the increasing cathodic inhibition was attributed to the hydrolysis of cerium from the 
salicylate ligand and depositing as cerium oxides/hydroxides elsewhere on the steel 
surface to limit cathodic reactions 126. The formation of a Fe3+ - salicylate complex 
within the surface film was also suggested due to the partial hydrolysis of the Ce(sal)3 
inhibitor. This supports the heterogeneous nature of the resultant surface film although 
the coverage over the steel was relatively uniform 127. Ce(sal)3 demonstrated 
significant inhibition between 100 ppm to 500 ppm, the latter concentration led to a 
maximum level of inhibition 127.  
Another promising organic ligand to be coupled with lanthanides as inhibitors 
for mild steel were cinnamate compounds. Blin et al. used linear polarisation 
resistance (LPR), cyclic potentiodynamic polarisation (CPP) and weight loss methods 
to compare the inhibition efficiencies of CeCl3, sodium 4-hydroxy cinnamate 
(Na(4OH-Cin)3 and when they were both synthesised into the compound Ce(4OH-
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Cin)3 (the corresponding concentrations, corrosion rate and inhibition percentage as 
shown in Table 2.1) 27. Although the combined inhibitor, Ce(4OH-Cin)3, had the 
lowest concentration in solution (2.8 x 10-4 M) compared to CeCl3 or Na(4OH-Cin), 
Ce(4OH-Cin)3 still resulted in the highest percentage of inhibition and clearly 
providing synergistic inhibition. Therefore a more complex and efficient inhibition 
mechanism was possible when cerium and 4OH-Cin were acting together to produce 
synergistic inhibition as compared to when they were in solution alone. Furthermore, 
Blin et al. used ATR FTIR spectroscopy to demonstrate the increased inhibition when 
the functional groups CH3, NO2, NH2, OH or COOH was substituted into the aromatic 
ring of the cinnamate ligand. This was attributed to the formation of a more durable 
surface film with the substituted analogues and clearly supports the influence of 
structure on the mechanism of inhibition 103. On the basis of electrochemical 
impedance spectroscopy (EIS), Blin et al. proposed that the surface film is composed 
of an inner and outer layer. The inner film was relatively thin and expected to provide 
greater protection compared to the resistive outer layer which is likely to be thicker 
128. More recently, Seter et al. reported that the mechanism of film deposition, and 
therefore the level of inhibition, could be influenced by adjusting the proximity of 
certain functional groups within the lanthanum hydroxyl cinnamate at a concentration 
of 400 ppm 129. When the OH group was in the para (La(4OH-Cin)3) or meta position 
(La(3OH-Cin)3), the deposited species appeared capable of intermolecular 
interactions (by means of hydrogen bonding) that enabled the thickening of the 
surface film. In contrast, when the hydroxyl group was in the ortho position 
((La(2OH-Cin)3), the hydroxyl group was believed to be shielded by the aromatic 
ring, preventing intermolecular interactions and therefore the expansion of the film 
129. La(4OH-Cin)3 has also been used to limit hydrogen embrittlement on SAE 4340 
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steel130 and stifle filiform corrosion when incorporated into a polyurethane-based 
coating 131. 
Table 2.1: Concentration, corrosion rate and inhibition percentage of CeCl3, Na(4OH-Cin)3 and 
the synthesised compound, Ce(4OH-Cin)3 as reported by Blin et al. 27. 
Inhibitor Concentration Corrosion rate (mm/year) 
Inhibition 
(%) 
CeCl3 5.1 x 10-4 M / 200 ppm 0.025 82 
Na(4OH-Cin) 1.3 x 10-3 M / 250 ppm 0.023 83 
Ce(4OH-Cin)3 2.8 x 10-4 M / 200 ppm 0.022 84 
 
The use of rare earth-organic inhibitors was also used to limit corrosion on 
AA2024-T3. Due to the dissimilar corrosion process, the corrosion inhibitors effective 
on mild steel were not necessary efficient on AA2024-T3. Using the high-throughput 
method whereby ninety six AA2024-T3 electrodes was exposed to 1.8 mL of different 
inhibitor solutions, Chambers and Taylor compared a large number of potential 
inhibitor systems with sodium chromate 132. Combinations of molybdate and the rare 
earth cations, cerium, yttrium and lanthanum yielded similar efficiencies to the 
sodium chromate 132. The superior inhibition afforded by cerium or lanthanum mixed 
with molybdate was further demonstrated using fluorometric methods 133. 
Phosphonates and phosphates have previously been used as inhibitors for 
aluminium alloys15 and therefore were hypothesised to provide efficient inhibition 
when combined with a rare earth cation. Cerium dibutylphosphate (Ce(dbp)3) was 
found to form a film containing both Ce(III) and Ce(IV), possibly as 
oxides/hydroxides or different species of the Ce(dbp)3 complex. This suggested that 
different species of the Ce(dbp)3 compound had deposited onto the AA2024-T3 
surface 23, 134. This could be related to the local environments that would have been 
present while the alloy was exposed to the corrosive environment. Hayes et al. used 
an updated Pourbaix diagram to show that at given potentials and pH conditions, the 
formation of certain cerium species may be more favoured than others 110. Hayes et 
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al. performed experiments in a perchlorate solution and was expected to behave 
similarly to the cerium in H2O system. This is because the ClO4- ion tended not to 
form complexes with cerium. This demonstrated that the speciation of cerium was 
dependent on pH. Similarly, Ce(dbp)3 would be expected to form various species over 
the surface of AA2024-T3 since the heterogeneous nature of the alloy surface would 
result in numerous local acidic or alkaline sites. Markley et al. investigated another 
rare earth-phosphate inhibitor, cerium diphenylphosphate (Ce(dpp)3) and proposed 
that the partial dissociation of the dpp ligand possibly allowed cerium ions to provide 
protection over cathodic sites 135. Mischmetal diphenylphosphate (Mm(dpp)3) was 
found to be an efficient inhibitor for AA2024-T3135 which was later associated with 
the presence of cerium and praseodymium. The praseodymium analogue of Ce(dpp)3 
was also investigated by Markley et al. and, at more alkaline conditions, a greater 
level of inhibition was observed for Pr(dpp)3 compared to Ce(dpp)3 21. The greater 
level of inhibition at alkaline conditions was attributed to a greater stability of the 
Pr(dpp)3 compound, allowing it to remain relatively intact as a rare earth-
organophosphate specie compared to Ce(dpp)3. Both Ce(dbp)324 and Ce(dpp)3136 
performed well when incorporated into an epoxy film. 
For Ce(dbp)3, Ce(dpp)3 and Pr(dpp)3, the general mechanism of inhibition on 
AA20204-T3 appeared to be similar. In the initial stages of immersion, mixed 
inhibition was observed but with increased immersion time, cathodic inhibition 
became more and more dominant. Forsyth suggested that the partial dissociation of 
the rare earth-organophosphates means that they are present in solution as clustered 
complexes or polynuclear species instead of separate ionic species 137. This was 
consistent with the findings of Seter et al. for the rare earth-cinnamate inhibitors for 
mild steel 138. Taking Ce(dpp)3 as an example, it was therefore hypothesised that upon 
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addition into solution, certain species containing Ce, the dpp ligand, Cl-, OH- or 
Ce(dpp)xClyOHz, will form depending on the interaction with surrounding ions and 
other species in solution, as well as the bulk solution and local AA2024-T3 surface 
conditions. The resulting species may contain the rare earth which will deposit various 
surface films over the alloy depending on the state of the surface (for example 
composition and local conditions). The initial mode of inhibition observed from 
polarisation data was attributed to the deposited film limiting cathodic and/or anodic 
sites depending on the organic ligand present and the location on the AA2024-T3 
surface. The heterogeneous film coverage means some sites will remain exposed to 
the corrosive environment and continue to corrode. The increase of local pH at 
cathodic sites may cause the complete hydrolysis of Ce ions and dpp ligands from the 
deposited surface film complex. These hydrolysed ions can then provide further 
inhibition elsewhere on the alloy surface. The increasingly dominant cathodic 
inhibition with increasing time was attributed to the hydrolysed Ce ions migrating 
towards other corroding sites and depositing to limit cathodic reactions.  
These rare earth-organic compounds have shown effective inhibition at neutral 
conditions; however, at other conditions, such as low pH, limited inhibition was 
observed. An example of this can be observed with La(4OH-Cin)3 (lanthanum 4-
hydroxy cinnamate) as an inhibitor for mild steel. Inhibition was relatively low at pH 
2.5 compared to higher pH levels. The lower inhibition efficiencies under acidic 
conditions was attributed to the dominant LaClx species present in solution. Species 
containing both the rare earth and the cinnamate ligand (such as La(4OH-Cin)x) had 
proved more effective compared to the species containing only the rare earth (such as 
LaClx species) 138. Although synergistic inhibition was observed with these rare earth-
organic inhibitors, they still retained a limited pH range of effectiveness, and do not 
inhibit well under acidic conditions.  
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2.4. Simulating corrosion processes on the surface of AA2024-T3 using model 
systems 
2.4.1. Approaches in simulating galvanic activity on the surface of AA2024-
T3  
As previously discussed in section 2.2, the combination of numerous corrosion 
processes on the surface of AA2024-T3 (such as the de-alloying of S-phase and 
trenching initiation), increases the difficulty in understanding the exact mechanisms 
of corrosion. An alternative approach to understanding the corrosion processes of 
AA2024-T3 was to separate and investigate each known corrosion process 
individually. Jorcin et al. constructed and performed experiments on an aluminium 
and copper model disk electrode immersed in 10-3 M sodium sulphate to simulate the 
galvanic coupling at the Al and Cu interface 139. The schematic of the Al/Cu model 
disk electrode is shown in Figure 2.5a. SEM/EDS analysis observed local dissolution 
of Al at the Al/Cu interface which allowed crevice corrosion adjacent to the Cu 
electrode to take place. This resulted in the redistribution of Cu and its subsequent 
deposition as a Cu-rich ring approximately 150 μm away from the interface. Both the 
crevice at the Al/Cu interface and the Cu-rich ring can be observed in Figure 2.5b. 
Such behaviour simulated the possible interaction between the Cu-rich intermetallic 
particles (such as S-phase) and the surrounding AA2024-T3 matrix. 
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a) 
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Figure 2.5: a) a schematic of the Al-Cu model disk electrode constructed by Jorcin et al. The 
pure Cu electrode is surrounded by the pure Al electrode which itself is surrounded by an 
insulating epoxy layer. b) Optical microscopy image of the Al/Cu interface after a 24 hour 
immersion in 10-3 M NaSO4 solution. Both crevice formation and the deposition of a Cu-rich 
ring can be observed. The optical image was taken from the work of Jorcin et al. 139.  
It must be remembered that S-phase initially undergoes de-alloying whereby 
magnesium and aluminium is preferentially dissolved. To better understand the 
influence of Mg within S-phase, fate et al. constructed an aluminium and magnesium 
model disk electrode 140. This was similar to the disk electrode used by Jorcin et al. 
139 however, instead of pure Cu, pure Mg was present. Lacroix et al. observed that 
initial activity was situated at the Al/Mg interface leading to an increase of local pH. 
The pH would then increase over the rest of the electrode over time resulting in the 
dissolution of the Al film. Such behaviour appeared synonymous to the preferential 
de-alloying of Mg from S-phase and the subsequent depassivation of the adjacent Al 
matrix 140. 
Although the Al/Cu or Al/Mg model disk electrodes were able to simulate 
individual corrosion processes associated with Cu-rich and Mg-rich intermetallic 
particles, the actual process when both Mg and Cu were present in S-phase was not 
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clear. For this reason, Lacroix et al. synthesised an Al-Cu and an Al-Cu-Mg model 
alloys to represent the α-Al AA2024-T3 matrix and the S-phase intermetallic 
respectively 141. Preferential dissolution of Mg and Al over the Al-Cu-Mg model alloy 
in the vicinity of the pit. Each of the model alloys and the disk electrodes demonstrated 
their potential to simulate real corrosion processes on the surface of the AA2024-T3 
alloy.  
2.4.2. Simulation of the AA2024-T3 surface using the wire beam electrode 
method 
To better understand the corrosion processes on the surface of the AA2024-T3 
alloy, one must consider the heterogeneous nature of the alloy will lead to the 
establishment of numerous local anodic and cathodic sites. It is common to perform 
electrochemistry on a single electrode per experiment. Although a corrosion current 
density value can be obtained to approximate the corrosion rate over the whole 
electrode surface, such a value would be considered inappropriate when studying the 
details of local corrosion attack since the corrosion current density does not consider 
the presence of local pits and trenching on the surface of AA2024-T3. In addition, to 
obtain information about local conditions, other methods must be employed, such as 
scanning electrochemical microscopy (SECM) or scanning reference electrode 
technique (SRET). Such techniques are limited to scanning the surface at certain time 
intervals.  
It is true that the model systems employed by Jorcin et al. 139 and Lacroix et al. 
140, 141 were effective tools in understanding the galvanic behaviour of the Al/Cu, 
Al/Mg systems, as well as the coupling of Al-Cu and Al-Cu-Mg model alloys. As an 
example, the Al/Mg model disk electrode showed the initiation of crevice corrosion 
at the Al/Mg interface. However the surface of the AA2024-T3 alloy comprises of 
numerous cathodic and anodic sites in close proximity with each other.  
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The wire beam electrode (WBE) was designed to simulate such a system and 
allow researchers to monitor the instantaneous data instead of predetermined time 
intervals. The WBE was initially developed by Tan et al. to study the origins of 
fluctuations in potential and current and the corresponding effect on electrochemical 
processes 142. Instead of one large alloy electrode, a number of wires were bundled 
together to represent the large alloy electrode. The principal difference is instead of 
getting potential and current data for the whole of the surface, the potential and 
currents at local sites can be isolated and measured 143.  
Muster et al. used a similar approach and constructed two multi-
microelectrodes, comprised of 100 and 48 zinc wires, to simulate the effect of artificial 
sea water droplets on the zinc surface of galvanised steel 144. The size of the droplet 
appeared to have a profound effect on the location of anodes and cathodes within the 
droplet. Considering the relatively small size of the droplets, it would have been 
difficult to analyse local conditions if other techniques, such as SECM, were used. 
Yang et al. attempted to understand the behaviour of currents flowing between local 
sites using a particular WBE electrode, which was referred to as a coupled 
multielectrode array sensor (CMAS) 145. In environments that caused localised 
corrosion, a thicker layer of corrosion product was observed over more severely 
corroded sites. The corrosion product limited the access of oxidising species which 
resulted in the flow of electrons to be more favoured at remote areas of the metal 
surface. This simulated a real surface whereby the most corroded site acted as the 
most anodic site on a single piece of metal immersed in solution 145. 
The WBE has gradually been gaining popularity as an experimental method in 
understanding not only corrosion behaviours but also inhibition mechanisms. Tan et 
al. measured the inhibition behaviour of the organic compounds, imidazoline and 
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resorcinarene acid on mild steel in a CO2 environment 146. The addition of imidazoline 
at concentrations between 30 to 50 ppm, resulted in increased localised corrosion 
whereby the majority of anodic sites were passivated, causing anodic activity to be 
concentrated at the remaining anodes. In contrast, the resorcinarene acid caused a 
large number of sites to act as minor anodes however their corresponding currents 
were relatively small. The resorcinarene was therefore shifting the mode of corrosion 
to general anodic dissolution 146. The WBE was also used to simulate the effects of 
CeCl3 and LaCl3 on a pure Al surface and an AA2024-T3 surface. Two WBE were 
used, one having one hundred pure aluminium and the other having one hundred 
AA2024-T3 wires. Each wire had a surface area of 1.17 mm2 and the gaps between 
each electrode were ~25 μm 147. The surface area of the wires as well as the gaps 
between each wire had to be sufficiently small so that corrosion cells would 
preferentially form between different wires and not within a single wire. This would 
enable electrodes in the mm scale to detect currents from microcells in the μm scale 
147. CeCl3 was found to effectively inhibit both localised and general corrosion as well 
as stifle corrosion processes on pre-existing anodic sites. While LaCl3 did inhibit 
localised corrosion, it required a higher concentration suggesting that CeCl3 was a 
more efficient inhibitor for AA2024-T3 than LaCl3. The comparison between the 
scanning reference electrode technique (SRET) and WBE was also made, the most 
prominent advantage of WBE was it could detect much lower currents than the SRET 
147.  
Alternatively, Muster et al. used a Multielectrode composing of nine different 
metals and alloys in order to rapidly screen a number of potential corrosion inhibitors. 
The nine alloys and metals were incorporated into the Multielectrode as pairs, the 
compositions of each were: pure Al, AA2024-T3, AA7075-T6, pure Fe, pure Mg, 
AZ31, mild steel, 316 stainless steel and pure Zn 148. The approach was later validated 
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by Garcia et al. concerning the effect of cross contamination between the different 
electrodes 149. Although the approach was to utilise the WBE as a tool for high-
throughput measurements, it was clear that the applications of the WBE was not 
limited to just simulating the local corrosion processes on a given alloy.  
The ability to monitor current flow, identify shifts in the mode of inhibition by 
certain inhibitors and the greater resolution by the WBE technique makes it an 
appropriate and effective method to investigate in more depth how certain rare earth-
organic inhibitors affect corrosion on the surface of AA2024-T3. 
2.5. Critical Comments/Unresolved Issues 
The high susceptibility of AA2024-T3 towards localised corrosion due to the 
presence of intermetallic particles is well known. However it is not fully understood 
how the clustering of particular compositions of intermetallic particles are influencing 
the site of corrosion initiation and the severity of attack.  
In addition, the previously investigated rare earth-organic compounds for 
AA2024-T3 have demonstrated efficient inhibition under neutral conditions. From the 
results of the Multiwells method experiments (Appendix A1), it is hypothesised that 
a rare earth-organic inhibitor containing mercaptoacetate as the organic ligand, would 
result in increased inhibition compared to the previously investigated 
diphenylphosphate inhibitors.   
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Chapter 3 - Research program 
3.1. Introduction 
As discussed in Chapter 2, there is still no combination of rare earth-organic 
compound which can provide effective inhibition over a wide pH range, although 
effective inhibitors have been found near neutral pH. We have preliminary data that 
suggests that MAcet may be a good candidate organic component for such a system 
(as shown in Appendix 1 – Multiwells Method).  
There is also a lack of knowledge about the presence of particular intermetallic 
compositions and their effect in clustering and subsequent corrosion initiation. 
Furthermore, investigation on how the newly identified rare earth-organic compounds 
affect the corrosion processes at these clustered sites could reveal a deeper 
understanding of not only how the inhibitors stifle localised corrosion but also over 
the whole alloy surface. 
The inhibitors to be investigated in this work are cerium mercaptoacetate 
(Ce(MAcet)3·3H2O) and praseodymium mercaptoacetate (Pr(MAcet)3·3H2O). 
3.2. Working hypothesis and project aim 
Because of the effective inhibition of sodium mercaptoacetate (Na-MAcet) at 
pH 3 (as observed in the Appendix 1 – Multiwells Method), it was hypothesised that 
by its incorporation into a rare earth-organic inhibitor, effective inhibition under 
acidic conditions could be achieved. 
As observed in the literature, cerium (whether as a chloride salt or incorporated 
into a rare earth-organic inhibitor) is generally more effective than other rare earth 
ions in stifling corrosion on AA2024-T3. The findings of Markley et al. suggested 
that having Pr(dpp)3 present in solution instead of cerium led to increased stability 
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under alkaline conditions and thus more efficient inhibition 21. It was therefore 
hypothesised that the Ce(MAcet)3 inhibitor will lead to more efficient inhibition under 
acidic and neutral conditions while Pr(MAcet)3 would be more effective under 
alkaline conditions.  
The hypothesis for selecting a thiol containing inhibitor came predominantly 
from the observation of a strong affinity between the Cu and S 117. It is well known 
that localised corrosion typically initiates on the surface of AA2024-T3 at 
intermetallic particles. The most active intermetallic particles, such as S-phase, are 
known to have high levels of copper 59. Therefore, it is proposed that by incorporating 
S into the rare earth-organic inhibitor, the inhibitor will preferentially stifle corrosion 
processes at these Cu-rich intermetallic particle sites resulting in a more efficient 
mode of inhibition.  
From the literature and each of the hypotheses, the aims of this project were: 
x To investigate the effects of the rare earth-MAcet inhibitors on the corrosion 
reactions occurring at local sites on the surface of AA2024-T3. 
x To characterise the deposition of inhibitor films in the presence of rare earth-
MAcet inhibitors and the effects of these deposits on corrosion processes.  
x To understand the effect of intermetallic particle clustering on the initiation of 
local corrosion attack as well as to identify how the rare earth-MAcet 
inhibitors can influence such processes. 
3.3. Research flow chart 
A three phase project plan was proposed below to address each project aim: 
3.3.1. Phase 1 – The effect of the rare earth-MAcet compounds on the 
corrosion initiation at the AA2024-T3 surface 
Electrochemical techniques are relatively fast and simple methods that reveal 
key aspects about the mode of inhibition that a particular inhibitor will show. 
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Considering that the first project aim was to investigate the effect of the rare earth-
MAcet inhibitors on corrosion reactions, potentiodynamic polarisation experiments 
will be performed. This will identify whether the inhibitors are predominantly 
cathodic, anodic or mixed. .  
To support the observations from the polarisation experiments, the surface of 
AA2024-T3 samples immersed in the various inhibitor solutions will be analysed with 
SEM/EDS and ToF-SIMS. The SEM/EDS will allow us to determine the location of 
preferential deposition by the rare earth-MAcet inhibitors and to visually evaluate the 
corrosion mechanism. In addition, the ToF-SIMS can detect the presence of any 
relatively thin films that may not be detectable by the SEM/EDS. These experiments 
will be presented in Chapter 5. 
3.3.2. Phase 2 – Simulating the AA2024-T3 surface with the Wirebeam 
electrode method and the influence of the Pr(MAcet)3 compound 
A major question for any inhibitor is the effect on local cathodic and anodic 
sites. Also, it would be interesting to determine whether the rare earth-MAcet 
inhibitors limit the corrosion activity at local sites simultaneously or sequentially. 
Furthermore, the effects of mobility and repassivation of local cathodes and anodes 
can also contribute to understanding the corrosion inhibition mechanism of these rare 
earth-MAcet inhibitors. The relatively heterogeneous surface of AA2024-T3 means 
the surface corrosion processes are complex and it is difficult to identify individual 
mechanisms at local sites.  
To address these questions, WBE experiments will be performed to simulate the 
behaviour of local anodes and cathodes in real-time.  
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3.3.3. Phase 3 – Understanding the effects of intermetallic clustering on 
corrosion initiation and inhibition in the presence and absence of the rare 
earth-MAcet compounds  
It is well known that upon the completion of de-alloying, trenching typically 
initiates around the periphery of S-phase particles 65, 71. Literature has shown that the 
initiation of trenches around S-phase can also be influenced by the surrounding 
intermetallic particles 28, 79, 150. Since a major focus of this project is to characterise 
the effect of the rare earth-MAcet inhibitors on the initiation of trenching, a more 
detailed understanding of how clusters of intermetallic particles affect corrosion and 
inhibition is essential. Therefore AA2024-T3 samples will be analysed before and 
after a relatively short immersion time using the Electron Probe MicroAnalyser. The 
influence of clustering on corrosion initiation is presented in Chapter 7. 
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Chapter 4 - Experimental procedures 
4.1. Introduction 
The following section outlines the experimental procedures used to assess the 
inhibition mechanisms of new thiol-containing inhibitors to stifle corrosion processes 
on AA2024-T3. Identification of a suitable rare earth-organic compound system was 
initially determined using the high throughput Multiwells Method. The details of the 
Multiwells experiments as well as the results and analysis are presented in Appendix 
1. This study resulted in selecting mercaptoacetate as the thiol-containing organic 
compound to be coupled with either cerium or praseodymium. 
Electrochemical and surface characterisation techniques were the two main 
types of experiments used in order to examine the inhibitor behaviour. This included 
potentiodynamic polarisation and WireBeam Electrode (WBE) methods for the 
electrochemical techniques. Scanning Electron Microscopy (SEM), Energy 
Dispersive X-ray Spectroscopy (EDS), Time of Flight Secondary Ion Mass 
Spectrometry (ToF-SIMS) and Electron Probe MicroAnalyser (EPMA) were used to 
characterise the specimen surfaces.  
In addition, to characterise the inhibitor compound, Raman Spectroscopy, 
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES), X-ray 
photoelectron spectroscopy (XPS) and elemental analysis by means of 
microcoulometry were used. The results of the Raman Spectroscopy and XPS are 
presented in Appendix 2.  
The alloy composition and surface preparation, the concentrations of each 
inhibitor present in each solution and parameters used for each technique are 
described in detail below. 
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4.2. Material and inhibitors 
4.2.1. AA2024-T3 composition 
A single batch of commercial AA2024-T3 plate (‘batch 7’ in the work of 
Hughes et al. 59) with a thickness of 2.5 mm was used in all experiments. As shown 
in Table 4.1, 4.63 wt.% Cu and 1.39 wt.% Mg were detected in the alloy with 
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES).  
Epoxy mounted AA2024-T3 samples, with an exposed rolled surface area of 10 
mm x 10 mm, were abraded with silicon carbide paper up to a grade of P4000. This 
was followed by polishing with 1 μm alumina powder. The samples were mounted in 
epoxy resin to allow for the use of automated polishing machines for increased 
reproducibility in the final grade of polishing. The lubricant used in the final polishing 
was analytical grade ethanol, and sonication of the surface was performed between 
each polishing step. Between each step, the surface was rinsed with ethanol and dried 
with nitrogen gas. Samples were left in a desiccator for 1 hour prior to 
experimentation. 
Table 4.1: ICP-OES analysis of the AA2024-T3 used in this work. 
Element Cu (%) 
Fe 
(%) 
Mg 
(%) 
Mn 
(%) 
Si 
(%) 
Zn 
(%) 
Cr 
(ppm) 
Ga 
(ppm) 
Ti 
(ppm) 
V 
(ppm) 
Zr 
(ppm) 
Amount 4.63 0.18 1.39 0.58 0.07 0.17 108 44 319 72 85 
 
4.2.2. Inhibitor preparation and compound synthesis 
All experimental solutions contained analytical grade 0.1 M sodium chloride 
(NaCl) dissolved in deionised water. The inhibitors investigated in this work were 
divided into three categories: 
4.2.2.i. Single inhibitors 
The single inhibitors included analytical grade cerium chloride heptahydrate 
(CeCl3∙7H2O, 98 %), praseodymium chloride hexahydrate (PrCl3∙6H2O, 99.9 %) and 
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sodium mercaptoacetate (Na-MAcet, 97 %) from Sigma Aldrich. Each rare earth 
chloride was added into solution at a concentration of 10-4 M, while Na-MAcet was 
added into solution at a concentration of 3x10-4 M. Since the concentration of Na-
MAcet was 3 times more than the rare earth ions in solution, it will be referred to as 
3Na-MAcet throughout this thesis as an indication of this concentration difference. 
The reason for the higher concentration of 3Na-MAcet compared to the rare earth 
chlorides was to mimic the 1:3 ratio of rare earth ion to S in the synthesised compound 
below. 
4.2.2.ii. Mixtures  
The term “mixtures” refer to solutions whereby either CeCl3 or PrCl3 was added 
to the same solution as 3Na-MAcet therefore giving a 1:3 ratio of rare earth chloride 
and Na-MAcet respectively. The mixtures were stirred to allow the species of both 
inhibitors to interact in the solution. CeCl3 mixed with 3Na-MAcet is referred to as 
Ce+3MAcetMIX while PrCl3 mixed with 3Na-MAcet is referred to as 
Pr+3MAcetMIX. Once again the 1:3 ratio was used to mimic the ratio of rare earth 
ion to S in the synthesised compound. The concentrations of each inhibitor component 
within the mixtures are detailed in Table 4.2. 
4.2.2.iii. Synthesised compounds 
The compounds had to be synthesised prior to dissolving the resulting product 
into solution for experimentation. In this way the inhibitor would be added into 
solution as a particular species whereas different inhibitor species may or may not 
form in solution in the case of the mixtures. Synthesis was conducted by means of 
aqueous metathesis or double displacement reaction (a chemical reaction involving 
the exchange of bonds between two reactants)151 whereby either CeCl3 or PrCl3 and 
3Na-MAcet were dissolved in separate solutions of deionised water and methanol. 
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Once fully dissolved, the solution containing the rare earth chloride was slowly poured 
into the solution containing 3Na-MAcet. The molar ratio of rare earth chloride with 
Na-MAcet was 1:3 while the ratio of deionised water with analytical grade methanol 
was 1:1.This was left to stir for at least an hour at room temperature (22-24°C) 
resulting in a precipitate that dropped out of the solution. The precipitate was washed 
and filtered twice using deionised water to remove any Cl- ions and subsequently dried 
in a vacuum oven at 60°C overnight to evaporate any excess moisture. The Cl- ion 
content was checked with SEM/EDS before and after washing using deionised water 
(the same SEM/EDS instrument was used as described in Section 4.52.). Chlorine was 
detected with EDS (assumed to be present as Cl- ions) after washing and filtering with 
deionised water only once, however no chlorine signal was observed after the second 
wash and filtering.  
ICP-OES experiments were conducted with a model Varian axial 730-ES ICP-
OES. A plasma power of 1.1 kW was used. The argon flow rate of the plasma was 15 
L/min and the flow rate of the nebuliser was 0.75 L/min. The replicate read time was 
5 seconds and the stabilisation delay was 15 seconds prior to performing each reading. 
Each sample was pumped into the spray chamber at a rate of 15 rpm. The ICP-OES 
analysis detected an approximate ratio of 1:3 for the rare earth and sulphur (the thiol 
compound) respectively.  
For elemental analysis, microcoulometry was used to determine the 
approximate number of waters of hydration as 3H2O in the compound (Analysis 
performed by Chemical & MicroAnalytical Services Pty. Ltd.). The final products, in 
powder form, were cerium mercaptoacetate (Ce(MAcet)3∙3H2O) and praseodymium 
mercaptoacetate (Pr(MAcet)3∙3H2O). The powders were then dissolved into solution 
at the concentrations listed in Table 4.2.  
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Table 4.2: A list of all the final concentrations of inhibitors in each experimental solution. These 
solutions were used in the polarisation and immersion experiments. Single inhibitors 
corresponded to CeCl3, PrCl3 and 3Na-MAcet. The mixtures were formulated by mixing the 
rare earth chlorides with 3Na-MAcet prior to each experiment. The synthesised compounds 
corresponded to powders that were synthesised from the rare earth chloride and Na-MAcet. 
Type Solutions Concentration (M) 
  [NaCl] [CeCl3] [PrCl3] 
[Na-
MAcet] [Ce(MAcet)3] [Pr(MAcet)3] 
Uninhibited 
NaCl NaCl 0.1 - - - - - 
Single 
Inhibitors 
CeCl3 0.1 1x10-4 - - - - 
PrCl3 0.1 - 1x10-4 - - - 
3Na-MAcet 0.1 - - 3x10-4 - - 
Mixtures 
Ce+3MAcet
MIX 0.1 1x10
-4 - 3x10-4 - - 
Pr+3MAcet
MIX 0.1 - 1x10
-4 3x10-4 - - 
Synthesised 
Compounds 
Ce(MAcet)3 0.1 - - - 10-4 & 10-3 - 
Pr(MAcet)3 0.1 - - - - 10-4 & 10-3 
 
4.3. Electrochemical corrosion methods 
4.3.1. Potentiodynamic polarisation 
A standard three electrode polarisation cell was used for all polarisation 
experiments with titanium-coated mesh (area of approximately 700 mm2) and 
saturated calomel electrode (SCE) constituting as the counter and reference electrodes 
respectively (shown in Figure 4.1). The SCE reference electrode was placed in a glass 
luggin capillary containing the experiment solution used for each individual 
experiment. This was to bring the reference electrode an approximate distance of 2D 
away from the working electrode152 to limit any shielding errors 153 
, whereby D is the diameter of the luggin tip (2.5 mm). The potential scan was 
made from -300 mV to 500 mV relative to the open circuit potential (OCP) and the 
scan rate was 0.167 mV/s. Additionally separate scans were performed from OCP to 
-300 mV (cathodic scan) and OCP to 500 mV (anodic scan). The cathodic and anodic 
scans overlapped with the full scan (-300 mV to 500 mV). Each scan was started after 
an OCP period of 30 minutes or 24 hours. A minimum of triplicate measurements 
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were done for each experiment condition. The solution volume was 400 ml and was 
left open to the air for the duration of each experiment. The pH of all solutions was 
adjusted to pH 6 using diluted hydrochloric acid or sodium hydroxide, as needed, prior 
to experimentation. All potentiodynamic polarisation experiments were performed at 
room temperature (22-24°C) for the duration of each experiment. The 
potentiodynamic polarisation experiments were performed using a 16 channel-VMP3 
(variable multichannel potentiostat) with the EC-lab software version 10.12. 
 
Figure 4.1: The standard three electrode cell used in all polarisation experiments showing the 
titanium mesh as the counter electrode (CE), the saturated calomel electrode as the reference 
(RE) and the AA2024-T3 surface as the working electrode (WE). 
4.3.2. WireBeam Electrode (WBE) measurements 
An epoxy mounted WBE was constructed containing pure copper and pure 
aluminium to act as a model alloy representing the surface of AA2024-T3. The copper 
electrodes act as the Cu-rich intermetallic particles while the aluminium electrodes 
collectively act as the alloy matrix.  
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A WBE was constructed containing forty-nine wires, 5 being 99.9 % copper and 
44 aluminium 99.95 % wires all supplied by Goodfellow. The aluminium wires, as 
received, were insulated with polyimide and the copper wire was insulated with 
polyurethane. The diameter of each wire was 100 μm and the thickness of the 
insulation layer was 5 μm. The wires acted as the working electrodes for 
electrochemical measurements. Heat shrink was used to keep all electrodes in close 
proximity to each other while being mounted in epoxy. The copper and aluminium 
wires were electrically insulated by their respective coatings. Each electrode was 
soldered onto a separate electrical wire prior to the epoxy mounting, which was then 
soldered onto a 25 pin male connector. Each soldered connection was covered with 
heat shrink to prevent any short circuit between different wires. A side view schematic 
is shown in Figure 4.2 showing the exposed wires which were kept aligned within the 
epoxy using heat shrink, and soldered onto a single electrical wire. The electrical wire 
from the bottom of the epoxy was connected to the Multichannel Microelectrode 
Analyser (MMA) instrument which will be discussed later in this section.  
 
Figure 4.2: A schematic of the WBE from the side view. From the top, the tips of the wire are 
exposed at the top of the electrode and is mounted in epoxy. The wires are aligned 
within the epoxy until they were soldered onto electrical wire (the red and black lines 
represent each Al and Cu wire respectively). The electrical wire are then connected to 
the MMA instrument. 
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Figure 4.3 shows the surface of the WBE from the top view. The Al (numbered 
in black) and Cu (numbered in yellow) is distinguishable by the silver colour of the 
Al and the orange colour of the Cu. It must be noted that no connection was observed 
for the Cu electrode #18 and the Al electrodes #5 and #40-49. Therefore the output 
from these electrodes were not observed in the current density maps. It was likely that 
the connection at these particular electrodes were lost when the WBE was being 
mounted in epoxy (for example the Cu electrode may have broken while placing all 
the electrodes in place). Due to their relatively small size, disconnected wiring or other 
similar issues could not be visibly observed during the epoxy mounting. 
   
Figure 4.3: The WBE from the top view showing the surface of the WBE and the individual 
wires. The Al (black) and Cu (yellow) can be differentiated by the orange colour of the Cu and 
the silver colour of the Al. Electrode #5, #18 and #40-49 were inactive (red) possibly due to an 
internal short circuit. 
Prior to each experiment, the working surface of the WBE was abraded with 
P4000 silicon carbide paper and hand polished with 1 μm sized alumina powder, 
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lubricated with ethanol. After polishing, the WBE was rinsed with ethanol and dried 
with nitrogen gas. The WBE was then exposed to 70 ml of solution open to air within 
5 minutes after drying. All measurements were prepared and conducted at room 
temperature (22-24°C) and a minimum of triplicate experiments were performed. 
Experiments were also carried out where the addition of the inhibitor into 
solution was delayed by an hour instead of being present at the start of immersion. 
This was to observe the behaviour of the rare earth-MAcet inhibitors when corrosion 
attack was well underway on the surface of the WBE. For the first hour, the WBE was 
immersed in a 35 ml solution containing 0.1 M NaCl. After 1 hour of immersion, 
another 35 ml solution containing the inhibitor was added to the cell to make up the 
70 ml solution. The relatively large volume of solution was used to limit the influence 
of local pH changes on the overall pH of the solution. The solution was left open to 
air for the duration of each experiment. The full setup of the WBE sealed with a rubber 
seal in the glass cell is shown in Figure 4.4.  
The setup consisted of; a Multichannel Microelectrode Analyser (MMA) Model 
910, equipped with 100 channels for measuring current or potential simultaneously 
and two zero resistance ammeter (ZRA) with a full scale range of 100 μA and a 
resolution of 3300 pA. MMA Live and MMA View Version 1.7c software were used 
to obtain and analyse data respectively. Data were recorded every 1 second over a 24 
hour period. No potential was applied to any of the electrodes during the WBE 
experiments. The current densities detected on each electrode was adjusted to zero 
prior to immersion (while the WBE was dry and not immersed in the test solutions). 
Even while dry, the ZRA can detect leakage currents from the electronics resulting in 
a non-zero reading. This was achieved using the “Nulling” function in the MMA Live 
software.  The Nulling function was used repeatedly until the leakage currents were 
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reduced at least below the resolution of the ZRA detectors. During immersion, the 
MMA detected the current densities passing through each electrode with respect to 
the final zero value set prior to immersion. 
 
Figure 4.4: The setup of the WBE electrode in the glass immersion cell. A plastic cover placed 
half open to keep the system open to air whilst preventing debris to fall into the solution. The 
rubber seal prevented leakage of the solution. 
The zero value was set at the start of each experiment, while the WBE was still 
in air and prior to immersion in the experiment solutions. Figure 4.5a shows an 
example of a current density vs time graph for the WBE immersed in the 0.1 M NaCl 
solution. Only the current densities for the first 2 hours of immersion are shown since 
there was insignificant change for the majority of solutions between 2 and 24 hours. 
Each line shown corresponds to a single electrode from the WBE. The negative 
currents correspond to a net cathodic current passing through the electrode while the 
positive currents correspond to the electrode being a net anode. The four 
  Experimental procedures 
  P a g e  | 52 
lines/electrodes displaying significant negative or cathodic currents were the four Cu 
electrodes in the WBE, since Cu is more noble compared to Al. It was mentioned 
earlier in this section that there were actually five Cu electrodes incorporated into the 
WBE. As shown in Figure 4.3, one of the Cu electrodes did not have any electrical 
connection. It was possible that the Cu wire broke when the wires were being placed 
into position for the epoxy mounting. This means all disconnected wires will not be 
observed in the current density vs time graphs. The features present in the graph, such 
as major anodes, will be discussed in Chapter 6.  
The current density vs time graphs can alternatively be presented as current 
density maps. Figure 4.5b shows an example of a current density map along with the 
corresponding current density scale bar. The scale was dependent on the maximum 
current density for each experiment (approximately ± 60 mA/cm2 about zero current 
density for the majority of experiments) which is more accurately shown in the current 
density vs time graphs. The MMA software could not export a scale bar with the 
corresponding current density values. The current density maps shows the spatial 
location of the instanteneous net anodic (red) and cathodic (blue) electrodes on the 
WBE. While the current density vs time graphs shows the change in current density 
with respect to time, the map is able to show which electrode was acting as a net anode 
or net cathode at an instantaneous time with respect to their corresponding location 
on the WBE. Once again the details of the current density map will be elaborated 
further in Chapter 6.  
 
 
  Experimental procedures 
  P a g e  | 53 
a) 
 
b) 
  
Figure 4.5: a) A representative current density vs time graph for the uninhibited NaCl sample. 
Each line corresponds to an individual electrode in the WBE whereby the lines showing 
negative current densities corresponds to net cathodes while positive current densities are net 
anodes. Minor anodes were electrodes with positive current densities close to zero, major 
anodes were electrodes with significant current densities passing through them and the major 
anode with the most positive current density is referred to as the dominant major anode. b) An 
example of a current density map of the WBE whereby anodic current densities were 
represented by the colour red and cathodic current densities represented by the colour blue. 
The number corresponds to the electrode number as shown in Figure 4.3. The intensity of the 
colour represented the magnitude of current density. The scale of current is shown on the right. 
The values of the scale bar could not be exported. 
4.4. Corrosion immersion experiments and surface characterisation 
4.4.1. Full Immersion Corrosion experiments 
Corrosion immersion experiments were performed in order to characterise the 
resulting corrosion damage on the surface of the AA2024-T3 depending on the 
presence of inhibitors and also which inhibitor was present. Polished epoxy mounted 
samples (10 mm x 10 mm surface area) were prepared with the same polishing 
procedure as in Section 4.2.1 and placed in separate 50 ml solutions with and without 
inhibitor to meet the minimum volume to area ratio requirement of 0.4 L/mm2 
according to the ASTM standard G 31-72 154. Each solution was left open to air for 
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the duration of each experiment. Separate samples were acquired for the 30 minute 
and 24 hour samples. All immersion experiments were performed at room temperature 
(22-24°C) for the duration of the experiment. Each sample was rinsed with deionised 
water and dried with nitrogen gas after removal from their respective solutions. The 
samples were subsequently removed from the epoxy with extreme care, making sure 
that the exposed surface was not disturbed, in preparation for subsequent surface 
analysis. Samples were placed in a desiccator after removal from the epoxy. 
4.4.2. SEM/EDS (Scanning Electron Microscopy/Energy Dispersive X-ray 
Spectroscopy) 
An SEM/EDS was used as it can produce micrographs at higher magnifications 
than optical microscopes. A Philips XL20 SEM instrument with an Oxford 
Instruments X-Max 50 mm2 EDS detector was used to analyse the surface of each 
sample. Each sample was mounted onto the aluminium SEM stub using double-sided 
adhesive carbon tape. Samples were imaged at an accelerating voltage of 10 keV. All 
micrographs using this SEM were taken with a stage tilt of 15°. 
4.4.3. ToF-SIMS (Time of Flight Secondary Ion Mass Spectrometry) 
The ToF-SIMS was utilised for further surface characterisation as it has the 
ability to detect minute concentrations of elements. An Ion-TOF-SIMS IV with a 
bismuth (Bi+) primary-ion source was used to analyse elements on the surface of the 
immersion samples with a relatively low concentration. A field of view of 100 x 100 
μm2 was taken for both the positive and negative polarities.  
4.4.4. EPMA (Electron Probe MicroAnalyser) and micrograph analysis 
The EPMA analysis was performed to understand how clusters of intermetallic 
particles, present on the surface of AA2024-T3, influence local corrosion attack as 
well as the inhibition behaviour of the rare earth-MAcet inhibitors. 
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4.4.4.i. Sample preparation 
Three epoxy mounted AA2024-T3 samples, with an exposed surface of 10 mm 
x 10 mm, were abraded and given a final polished with 0.25 μm using diamond paste 
and kerosene as the lubricant. Data analysis for the EPMA was conducted in the 
Microbeam Laboratory in the Process Science and Engineering Division of CSIRO. 
The use of diamond paste provided a smooth sample surface and improved the quality 
of the data gathered. EPMA analysis was performed on the same site both before and 
after immersion for 16 minutes. Immersion for only 16 minutes was done in an attempt 
to understand the inhibition behaviour of the rare earth-MAcet towards the de-alloying 
process of S-phase particles as well as the onset of trenching at these sites. 
Furthermore the short immersion times avoided the formation of larger amounts of 
corrosion product which would obscure the underlying intermetallic particles, and 
also move the analysis volume out of the focal plane of the instrument, resulting in 
reductions in the accuracy of the data. The three solutions investigated were the 
uninhibited NaCl, Ce(MAcet)3 and Pr(MAcet)3, all containing 0.1 M NaCl. When a 
rare earth-MAcet inhibitor was present, the corresponding concentration was 10-4 M. 
4.4.4.ii. EPMA mapping and elemental analysis 
The EPMA (model JEOL 8500F Hyperprobe utilised two energy dispersive 
silicon drift detectors (EDS) (to detect Na, S, Cl, Fe, Pr, Ce, Mg, Mn, Cu, Al and Si) 
and five wave dispersive spectrometers (WDS) (to detect Mg, Mn, Cu, Al and Si). All 
samples were mapped using an accelerating voltage of 12 kV, a beam current of 100 
nA, 0.5 μm step size and a dwell time of 20 ms per pixel. A spectrum was collected 
at each pixel in each micrograph. Each micrograph contained 2048 x 2048 μm over 
an area of 1 mm2. Thus a hyperspectral dataset was generated containing EDS and 
WDS information at each point of the map.  
  Experimental procedures 
  P a g e  | 56 
The EDS and WDS data sets were analysed using the scatter plot approach 
whereby one element was plotted against a second element. Each point in the scatter 
plot corresponded to a specific location on the sampled map with that particular 
composition. It must be noted that the scatter plots only illustrate relationship between 
the elemental compositions and do not provide any information on the location on the 
map that a particular scatter plot data point can be found. 
4.4.4.iii. Frequency distribution, pair correlation, number density and 
surface area analysis of EPMA micrographs 
To better understand the effect of intermetallic particle clustering on the 
initiation of stable pitting, several parameters were measured from the compositional 
maps from the as polished surface including the following: 
x General geometric information: particle size, position, shape and centroid position 
for all intermetallic particles for each of the compositional maps. 
x The pair correlation (g(r)) which is the level of clustering of neighbouring particles 
as a function of distance from the centre of a given particle. 
x The frequency distribution which measures that percentage of particles which 
have a specific number of other particles within a 50 μm radius.  
An in-house program, developed by Chen et al., was used to measure the g(r) 
and frequency distributions on each EPMA micrograph 155. This program identified 
and characterised each intermetallic particle on each EPMA micrograph, and derived 
geometric properties such as the particle size, location on the micrograph, the centroid 
position and identification of surrounding intermetallic particles. 
After immersion, the sites with the highest level of oxygen on the oxygen maps 
were used as a guide for further investigation. In the case of the uninhibited NaCl 
immersion, these sites included the largest corrosion halos or rings. For the inhibitors 
these sites contained heavy inhibitor film deposition as reported below. The detection 
of a significant concentration of oxygen was assumed to represent sites with more 
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corrosion product and inhibitor deposits (oxides/hydroxides) and thus heavy corrosion 
relative to the surrounding sites. These sites were located within the corresponding 
micrograph prior to immersion. The number density and average total surface area of 
particles within a 25 μm radius were measured for all the heavily attacked sites. 
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Chapter 5 - The effect of the rare earth-MAcet 
compounds on the corrosion initiation on AA2024-T3 
5.1. Introduction 
One of the quickest and simplest methods in understanding the inhibition 
mechanisms of inhibitor systems is to use potentiodynamic polarisation. This 
technique is particularly useful in determining the rate of anodic or cathodic corrosion 
reactions that are occurring on the surface of AA2024-T3. This can be compared to 
the corresponding reactions associated with the experimental solution in the presence 
of the various inhibitors in order to determine the mode and level of inhibition. 
Furthermore, the observations from the potentiodynamic polarisation measurements 
can be correlated to the visual features found on the AA2024-T3 surface using 
SEM/EDS to literally give an overall picture of the inhibition behaviour of the rare 
earth-MAcet inhibitors. ToF-SIMS analysis will also be used to analyse a number of 
immersion samples in an attempt to detect any traces of species present on sample 
surfaces which is undetectable by the SEM/EDS.  
This chapter compares the inhibiting capabilities of the single inhibitors, the 
mixtures and the synthesised compounds after a 24 hour immersion period using 
potentiodynamic polarisation and SEM/EDS. The effect of varied concentration and 
immersion period on the inhibition behaviour of the rare earth-MAcet synthesised 
compounds are also analysed. In addition, ToF-SIMS data is presented to expand upon 
the findings with the SEM/EDS analysis.  
5.2. Potentiodynamic polarisation 
5.2.1. Interpretation of potentiodynamic polarisation data 
A standard polarisation curve for the uninhibited NaCl 0.1 M measurement after 
a 30 minute immersion period is shown in Figure 5.1a. As stated in Section 4.2.2, all 
experiments were conducted in solutions containing 0.1 M NaCl with or without 
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inhibitor. The data can be divided into two main branches or arms, the left arm is 
controlled by cathodic potentials and is known as the cathodic arm while anodic 
potentials control the right arm and is therefore known as the anodic arm. The point 
where the anodic and cathodic current densities are approximately equal, represents 
the corrosion potential (Ecorr). The full scan starts on the cathodic arm at the most 
negative potentials (~ -300 mV vs SCE). The potential is then scanned towards the 
positive potentials, passing Ecorr before reaching the anodic current densities (as 
indicated by the green arrows). It can be seen that the current densities of the anodic 
arm increase rapidly at potentials slightly more positive than Ecorr. This is an indication 
of stable pitting taking place on the surface of the alloy and is known as the pitting 
potential (Epit). In this case, it is assumed that the oxygen reduction reaction is greater 
than the passive current density. Therefore the following approximation is made, Ecorr 
≈ Epit. At about -450 mV vs SCE, the anodic arm plateaus gradually no matter how 
positive the potential is made. Such a feature is evident in other reports for pure Al 
and AA2024-T3, and would normally be considered as the limiting current for anodic 
dissolution 23, 156. It should be noted that the solution resistance was not measured 
during each experiment. Therefore the effect of iR drop limitations has not been 
considered in the polarisation data. 
The additions of inhibitors in the 0.1 M NaCl salt solution can have several 
effects on the shape of polarisation data, depending on how it is affecting the anodic 
and cathodic corrosion reactions. For example, if the added inhibitor was 
predominantly a cathodic inhibitor, the current densities of the cathodic arm would 
decrease corresponding to the inhibition of cathodic reaction rates. Similarly, the 
current density of the anodic arm would decrease due to the addition of an anodic 
inhibitor which reduces the rate of the anodic reactions. Ecorr is considered to be a 
mixture of several effects and a shift in this value can be caused by a large number of 
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factors, however, a shift to more negative potentials (cathodic shift) or positive 
potentials (anodic shift) normally corresponds to cathodic or anodic inhibition 
respectively.  
There are several methods to identify the corrosion rate of a system, but in this 
work, Tafel slopes are used, as shown in Figure 5.1b. Tafel slopes are typically taken 
between ±50 to 100 mV away from Ecorr 157. However, due to the non-symmetrical 
nature of the typical polarisation curves observed in this work, the Tafel slopes were 
tangents taken at approximately ±25 mV vs SCE away from Ecorr. This allowed the 
identification of the corrosion current density (icorr).  
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a) 
A typical full 
polarisation 
scan from 
cathodic to 
anodic 
potentials 
 
b) 
Magnified 
image 
showing icorr 
and Ecorr 
identification 
 
Figure 5.1: Typical polarisation data showing a) the cathodic arm, anodic arm, the direction 
of the scan (indicated by the green arrows) and the location of Ecorr and Epit. The effects of 
cathodic/anodic shifts and cathodic/anodic inhibition are also shown by the double tail 
arrows. b) A magnified image of the region shaded in graph a. The intersection point of the 
tangents of the cathodic arm (blue line) and the anodic arm (red line) are used to identify 
both icorr and Ecorr. 
In addition to the full scan from cathodic potentials to the most anodic potential, 
separate experiments were performed whereby the AA2024-T3 samples were scanned 
from OCP to the most cathodic or the most anodic potentials. Figure 5.2 shows an 
example of the separate scans for the Pr(MAcet)3 inhibitor overlapping with the full 
scan. Due to the similarities in both the anodic and cathodic arms of the separate and 
full scans, it was assumed that the cathodic polarisation during the full scan does not 
significantly alter the surface of the WE as compared to performing the anodic and 
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cathodic scans separately. Therefore, representative full polarisation scans from 
cathodic to anodic potentials for each measurement solution were presented in this 
work. Some variation in the Ecorr of the the full scan and the separate scans were 
observed. The variation is presented as the error margin in Table 5.1. 
 
Figure 5.2: An example of polarisation scans whereby the full scan (cathodic to anodic 
potentials) overlaps with the separate scans from OCP to more negative potentials (cathodic 
arm) and from OCP to more positive potentials (anodic arm). This was typical for all other 
tests when comparing the full scan with the separate scans. These particular scans correspond 
to the Pr(MAcet)3 sample at a concentration of 10-4 M and after a 30 minute OCP period.  
5.2.2. Inhibition after 24 hours of immersion 
Figure 5.3 shows the polarisation curves after a 24 hour OCP period comparing 
the uninhibited NaCl solution, 3Na-MAcet and the solutions with added inhibitors 
containing cerium (CeCl3, Ce+3MAcetMIX and Ce(MAcet)3). Table 5.1 shows the 
Ecorr for each experimental solution. The largest cathodic shift for the inhibitors 
containing cerium was observed with the CeCl3 sample followed by the compound 
Ce+3MAcetMIX and the smallest shift was for 3Na-MAcet and the compound 
Ce(MAcet)3. The Epit value for all experiments remained at approximately -480 mV 
vs SCE irrespective of whether an inhibitor was present in solution or not. This 
suggests that none of the inhibitors under the given conditions significantly affected 
the resistance of AA2024-T3 towards stable pitting. 
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Each of the cerium-containing inhibitors lowered the cathodic current densities 
whereby Ce(MAcet)3 reduced cathodic current densities by one order of magnitude 
while the cathodic branch of both CeCl3 and Ce+3MAcetMIX were decreased by 
almost two orders of magnitude at -750 mV vs SCE. The significant cathodic shift 
and reductions in the cathodic arm suggests the inhibition of cathodic reactions (such 
as Reaction 2.4) by the cerium-containing inhibitors compared to the uninhibited 
NaCl. This implies that the cerium-containing inhibitors were predominantly 
providing cathodic inhibition. Ce(MAcet)3 was able to reduce the anodic current 
densities by almost one order of magnitude at -350 mV vs SCE when compared to the 
uninhibited NaCl sample suggesting that Ce(MAcet)3 was providing both anodic and 
cathodic inhibition. Furthermore, the level of anodic inhibition achieved by 
Ce(MAcet)3 was more significant compared to 3Na-MAcet, CeCl3 and 
Ce+3MAcetMIX.  
 
Figure 5.3: Polarisation curves for the uninhibited NaCl (thick black), 3Na-MAcet 3x10-4 M 
(red dashed), CeCl3 10-4 M (purple dotted), Ce+3MAcetMIX (CeCl3 10-4 M, 3Na-MAcet 3x10-4 
M) (red solid) and Ce(MAcet)3 10-4M (blue dash-dot). There was a 24 hour OCP period prior to 
scanning at pH 6. 
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Table 5.1: A list of Ecorr values for each solution measured after an OCP period of 24 hours. 
The concentration for the single inhibitors (3Na-MAcet, CeCl3, and PrCl3) and the mixtures 
(Ce+3MAcetMIX) and Pr+3MAcetMIX) are shown in Table 4.2. The concentrations of the 
compounds (Ce(MAcet)3 and Pr(MAcet)3) were at 10-4 M 
Solution Ecorr (mV, SCE) 
Epit 
(mV, SCE) 
Uninhibited NaCl -490 ± 7 -483 ± 5 
3Na-MAcet -493 ± 11 -480 ± 14 
CeCl3 -722 ± 36 -480 ± 39 
Ce+3MAcetMIX -646 ± 43 -479 ± 28 
Ce(MAcet)3 -501 ± 12 -490 ± 15 
PrCl3 -518 ± 24 -483 ± 8 
Pr+3MAcetMIX -587 ± 112 -482 ± 5 
Pr(MAcet)3 -686 ± 19 -481 ± 5 
 
Figure 5.4 shows typical error bars on both the uninhibited NaCl (thick black) 
and the Ce(MAcet)3 10-4 M inhibitor immersed for 24 hours. These error bars illustrate 
the significant difference in current density between the uninhibited NaCl and 
Ce(MAcet)3 samples. The relatively large difference at -400 mV vs SCE supports the 
anodic inhibition being afforded by the Ce(MAcet)3 inhibitor. These error bars were 
also similar to the repetitions of the other inhibited solutions.  
 
Figure 5.4: Polarisation curves for the uninhibited NaCl (thick black) and Ce(MAcet)3 10-4 M 
(dotted red) immersed for 24 hours. In addition the error bars at potentials: -750 mV and -400 
mV are shown to illustrate the differences in current density between the two curves. The error 
bars shown for the both the Ce(MAcet)3 sample represent the variation between all repetitions 
per sample.  
Similarly, the praseodymium-containing inhibitors all shifted the Ecorr to more 
negative potentials as well as shifting cathodic current densities more negatively 
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(Figure 5.5). Because of these key observations, the praseodymium-containing 
inhibitors were also predominantly cathodic inhibitors. Pr+3MAcetMIX yielded 
marginally lower cathodic current densities compared to the compound, Pr(MAcet)3, 
but the contrary was observed for the anodic current densities whereby Pr(MAcet)3 
yielded the lowest anodic current densities. Both synthesised compounds 
(Ce(MAcet)3 and Pr(MAcet)3) gave significant reductions on anodic and cathodic 
currents and therefore were acting as mixed inhibitors. 
 
Figure 5.5: Polarisation curves for the uninhibited NaCl (thick black), 3Na-MAcet 3x10-4 M 
(red dashed), PrCl3 10-4 M (purple dotted), Pr+3MAcetMIX (PrCl3 10-4 M, 3Na-MAcet 3x10-4 
M) (blue solid) and Ce(MAcet)3 10-4M (brown dash-dot). There was a 24 hour OCP period 
prior to scanning at pH 6. 
Figure 5.6 shows the average corrosion current density (icorr) values, calculated 
from the Tafel slopes of the replicates for each sample. The average icorr values can be 
used as an approximation for the level of corrosion on a given sample. One of the 
worst performing inhibitors measured was Ce(MAcet)3 due to the relatively small 
reduction in icorr to 0.53 mA/cm2 compared to 1.9 mA/cm2 for the uninhibited NaCl. 
Ce+3MAcetMIX and CeCl3 gave the lowest average icorr values of 0.02 mA/cm2 and 
0.02 mA/cm2 respectively. Although the synthesised compounds (Ce(MAcet)3 and 
Pr(MAcet)3) showed very similar behaviour with each other in terms of inhibition 
mechanism, there were some minor differences which revealed that the inhibitor 
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behaviour was dependent on the rare earth ion present in the compound. As an 
example, CeCl3 and the mixture Ce+3MAcetMIX lowered the icorr to a greater extent 
than the compound Ce(MAcet)3, on the other hand, PrCl3, Pr+3MAcetMIX and 
Pr(MAcet)3 were all within one standard deviation of each other and thus statistically 
have no significant difference. This suggests that all praseodymium-containing 
inhibitors (PrCl3, Pr+3MAcetMIX and Pr(MAcet)3) tended to have similar species in 
solution. Furthermore, the Ce(MAcet)3 compound showed significantly lower 
cathodic inhibition compared to CeCl3, the mixture Ce+3MAcetMIX or the 
praseodymium analogue compound (Pr(MAcet)3). 
 
Figure 5.6: Average icorr values for the inhibitors shown in Figure 5.3 and Figure 5.5 measured 
with a 24 h OCP at pH 6. The bars are ordered from left: uninhibited NaCl, 3Na-MAcet, CeCl3, 
Ce+3MAcetMIX, Ce(MAcet)3, PrCl3, Pr+3MAcetMIX and Pr(MAcet)3. Note the colour of the 
results for the uninhibited NaCl is always black but is grey here to make the error bars visible. 
5.2.3. The effect of concentration and immersion time on the inhibition 
behaviour of rare earth-MAcet compounds using potentiodynamic 
polarisation 
Despite the fact that both compounds did not give lower icorr values than the 
mixtures or the rare earth chloride salts, both rare earth-MAcet compounds yielded 
relatively large reductions in anodic current densities. It is of interest to understand 
what parameter led to this effect, therefore the influence of varied immersion time and 
concentration were investigated.  
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Figure 5.7 shows the polarisation curves corresponding to Ce(MAcet)3 
measured at concentrations of 10-4 M and 10-3 M as well as having an OCP period of 
30 minutes or 24 hours prior to starting the polarisation. The uninhibited NaCl 24 hour 
curve was also included for comparison. At the relatively lower concentration of 10-4 
M and an OCP period of 30 minutes (green dashed line), the Ce(MAcet)3 inhibitor did 
not seem to have any significant effect on the corrosion of AA2024-T3 since the 
corresponding polarisation curve was not significantly different to the uninhibited 
NaCl sample. Upon increasing only the OCP period to 24 hours and keeping the 
concentration of Ce(MAcet)3 to 10-4 M (orange dot-dash line), there was a significant 
reduction for both the cathodic and anodic current densities as well as a cathodic shift 
of Ecorr to more negative potentials. The blue thick curve shows the polarisation curve 
when the concentration of Ce(MAcet)3 in solution was raised to 10-3 M and the OCP 
was maintained at 30 minutes. Under these conditions, Ce(MAcet)3 significantly 
lowered the cathodic current densities, reaching up to an order of magnitude more 
negative compared to the uninhibited NaCl sample at approximately -700 mV vs SCE. 
Furthermore, due to the large cathodic shift, Ecorr was more significantly separated 
from Epit resulting in the visibility of transient currents close to Epit (slightly more 
negative than -500 mV vs SCE). Under these conditions (concentration of 10-3 M and 
OCP of 30 minutes) the anodic arm after Epit was not noticeably different to the 
uninhibited NaCl sample which suggests that Ce(MAcet)3 was once again behaving 
predominantly as a cathodic inhibitor. Finally when both concentration and OCP 
period was increased to 10-3 M and 24 hours respectively (purple thin line), there was 
an even greater reduction for both cathodic and anodic current densities. At -700 mV 
vs SCE, the reduction in the cathodic arm was approximately two orders of magnitude. 
At -450 mV vs SCE, there was close to a reduction of three orders of magnitude in 
the anodic current densities compared to the uninhibited NaCl sample. Furthermore, 
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Epit appeared to have shifted towards more positive potentials suggesting increased 
stable pitting resistance.  
   
Figure 5.7: Polarisation experiments for the AA2024-T3 immersed with Ce(MAcet)3 open to air 
and at pH 6. The curves are as follows: Ce(MAcet)3 at a concentration of 10-4 M and a 30 min 
OCP (brown dotted), constant concentration of 10-4 M with lengthened OCP period to 24 hours 
(orange dash-dot), increased concentration to 10-3 M and constant OCP period of 30 mins (blue 
thick) and increased concentration of 10-3 M and increased OCP period of 24 hours (purple 
thick thin). The uninhibited NaCl sample (with an OCP period of 24 hours) is represented by 
the black thick line. 
Figure 5.8 compares the effects on the polarisation graphs for the Pr(MAcet)3 
inhibitor when the concentration was 10-4 M or 10-3 M and when the OCP period was 
30 minutes or 24 hours. In the case of Pr(MAcet)3, at a concentration of 10-4 M and 
an OCP period of 30 minutes (green dotted curve in), the main effects observed was 
a reduction in the cathodic current densities, a cathodic shift to more negative 
potentials and an insignificant influence on the anodic arm. This was different to the 
Ce(MAcet)3 sample (at a concentration of 10-4 M and immersed for 30 minutes) which 
almost completely overlapped with the uninhibited NaCl curve. When the 
concentration of Pr(MAcet)3 was maintained at 10-4 M and the OCP period lengthened 
to 24 hours (orange dashed-dot curve), the reduction in the cathodic arm was similar 
to the 10-4 M, 30 minutes case however there was a greater cathodic shift as well as a 
more noticeable reduction in the anodic arm suggesting a mixed mode of inhibition.  
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When the concentration was increased to 10-3 M and the OCP period was only 
30 minutes, Pr(MAcet)3 was once again acting predominantly as a cathodic inhibitor 
due to the significant decreased in cathodic current densities and the anodic arm 
overlapping with the anodic arm of the uninhibited NaCl. These observations were 
similar to the measurements at the 10-4 M concentration after a 30 minute OCP period 
except that the cathodic arm was decreased to lower current densities at the higher 
concentration of 10-4 M. When the concentration was raised to 10-3 M and the OCP 
period was lengthened to 24 hours, the cathodic arm was lowered to the same current 
density as the measurement at shorter OCP time of 30 minutes, but for the same 
concentration (10-3 M) while the anodic arm was decreased to a greater degree than 
the 24 hour measurement at the lower concentration of 10-4 M. Once again Epit was 
shifted towards more positive potentials relative to the uninhibited NaCl solution 
suggesting an increased resistance towards stable pitting. 
  
Figure 5.8: Polarisation experiments for the AA2024-T3 immersed with Pr(MAcet)3 open to air 
and at pH 6. The curves are as follows: Pr(MAcet)3 at a concentration of 10-4 M and a 30 min 
OCP (green dotted), constant concentration of 10-4 M with lengthened OCP period to 24 hours 
(orange dash-dot), increased concentration to 10-3 M and constant OCP period of 30 mins 
(purple thick) and increased concentration of 10-3 M and increased OCP period of 24 hours 
(red thin). The uninhibited NaCl sample is the black thick line. 
Figure 5.9 presents the average icorr values for the polarisation curves in Figure 
5.7 and Figure 5.8. For both rare earth-MAcet inhibitors the general trend observed 
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was a decreasing average icorr value when the OCP period or concentration were 
increased, the latter parameter reducing icorr more significantly. It is also clear that the 
Pr(MAcet)3 compound yielded lower average icorr values than Ce(MAcet)3 in all 
measurement conditions which suggests that the Pr(MAcet)3 was a more effective 
inhibitor than Ce(MAcet)3 for AA2024-T3. The lowest average icorr values were 
obtained when the concentration of each rare earth-MAcet was 10-3 M and the OCP 
period prior to starting the polarisation scan was 24 hours. The average Ecorr values 
were presented in Table 5.2. The condition which gave the largest anodic shift towards 
more positive potentials was when both concentration and OCP period was increased 
to 10-3 M and 24 hours respectively, supporting the significant effect on the anodic 
reaction.  
 
Figure 5.9: Average icorr values for the polarisation curves of Ce(MAcet)3 and Pr(MAcet)3 when 
the concentration/OCP period was at (from left): 10-4 M/30 mins, 10-4 M/24 hours, 10-3 M/30 
mins and 10-3 M/24 hours. Once again notice that the uninhibited NaCl sample is coloured grey 
so that the error bars can be seen. 
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Table 5.2: Average Ecorr values for the Ce(MAcet)3 and Pr(MAcet)3 inhibitor compounds at the 
different concentration and OCP periods measured. These results correspond to the 
polarisation curves in Figure 5.7 and Figure 5.8. 
Solution OCP Time Concentration (M) 
Ecorr 
(mV, SCE) 
Epit 
(mV, SCE) 
Ce(MAcet)3 
30 mins 10-4 -532 ± 8 -487 ± 5 
30 mins 10-3 -622 ± 23 -489 ± 9 
24 hours 10-4 -501 ± 12 -480 ± 15 
24 hours 10-3 -489 ± 14 -460 ± 5 
Pr(MAcet)3 
30 mins 10-4 -540 ± 11 -492 ± 9 
30 mins 10-3 -632 ± 6 -492 ± 8 
24 hours 10-4 -686 ± 19 -481 ± 5 
24 hours 10-3 -498 ± 8 -461 ± 8 
 
5.3. SEM/EDS analysis 
5.3.1. A comparison of the inhibiting effect of the single inhibitors, mixtures 
and synthesised compounds using SEM/EDS after a 24 hour immersion period 
To support the observations from the polarisation data, surface characterisation 
of immersion samples using SEM/EDS was performed. The inhibitor concentrations 
and immersion times for the immersion experiments were identical to the 
concentrations and OCP periods respectively of the polarisation experiments. 
Figure 5.10 shows a typical corroded AA2024-T3 surface immersed in 0.1 M 
NaCl for 30 minutes containing many critical features. The first feature to note is the 
presence of several intermetallic particles, particularly particles A and B, as indicated 
by the dot-dash arrows. Local pits are present around the periphery of particle A which 
has previously been called a “trench” in Chapter 2 and hence will be the term used 
throughout this thesis 65. The composition of particle B is likely to have a different 
composition to particle A since the surrounding matrix appears intact with no sign of 
trenching. Corrosion product in the form of small white particles are randomly 
distributed over the alloy surface however some appear to form a ring around particle 
A (as outlined by the green dotted lines). This is known as a corrosion ring 158. The 
presence and characteristics of these features will be used to analyse the level of 
inhibition afforded by the rare earth-MAcet inhibitors for AA2024-T3.  
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Figure 5.10: Shows the most common features of a typical corroded AA2024-T3 surface 
immersed for 30 minutes in 0.1 M NaCl solution. The features include corrosion product, 
trenching and corrosion rings. 
Figure 5.11 shows the secondary electron micrographs for the uninhibited NaCl 
samples after 30 minutes and 24 hours of immersion. The uninhibited NaCl sample 
immersed in a solution containing 0.1 M NaCl from the current work displayed similar 
behaviour to the typical AA2024-T3 surface immersed in 0.1 M NaCl as presented by 
Boag et al. 65. As will be presented in Chapter 7, the only AlCuMg particles observed 
on the surface of AA2024-T3 was S-phase. Thus all AlCuMg particles will be labelled 
as such for the rest of this thesis. After 30 minutes, the S-phase particles had de-
alloyed since Al and Cu were detected but not Mg using EDS (Particle A in Figure 
5.11a shows an example of a de-alloyed S-phase particle). As mentioned in in the 
experimental section (Chapter 4) as well as being presented in Chapter 7, there is no 
θ-phase (Al2Cu) particle present in the alloy that was used in all experiments. 
Therefore the AlCu particles detected using the EDS are likely to represent S-phase 
that had undergone preferential de-alloying of Mg and Al. The Al signal was likely 
predominantly from the AA2024-T3 substrate. Also trenching around the periphery 
of the particle had initiated around a number of S-phase remnants and there was clear 
evidence of corrosion rings around some sites (the corrosion ring can clearly be seen 
 The effect of the rare earth-MAcet compounds on the corrosion initiation on AA2024-T3 
  P a g e  | 73 
in Figure 5.10). The other compositions of intermetallic particles did not seem to have 
any trenching in the adjacent matrix surface within the 30 minute immersion period.  
After 24 hours, severe trenching was evident on the de-alloyed S-phase as well 
as AlCuFeMn intermetallic particles. Particle i in Figure 5.11b shows an example of 
the severe trenching around S-phase. The AlCuFeMnSi still did not appear to be 
attacked with Particle ii as an example. This contradicts the findings of Boag et al. 
who observed trenching around such particles after only 2 hours of immersion in 0.1 
M NaCl 65. The factors that may be influencing this effect is discussed in Section 
5.5.1. 
a) 30 minutes b) 24 hours 
  
Figure 5.11: Secondary electron micrograph of the Uninhibited NaCl sample. The typical 
surface after a) 30 minutes shows an S-phase particle (particle A) and an AlCuFeMnSi particle 
(particle B). b) Immersion after 24 hours is also shown with heavily trenched de-alloyed S-
phase (particle i) and no trenching around an AlCuFeMnSi particle (particle ii). 
Figure 5.12 shows the surface immersed with 3Na-MAcet at a concentration of 
3 x 10-4 M for 30 minutes and 24 hours. As expected S-phase had de-alloyed with 
trenching evident on the surrounding matrix and S was detected on the particles 
indicating the presence of the 3Na-MAcet inhibitor over S-phase. Figure 5.12a shows 
Particle A as an example of a de-alloyed S-phase with evidence of trenching in the 
surrounding matrix. From the uninhibited NaCl sample, AlCuFeMnSi particles should 
not have been showing trenching after 30 minutes of immersion. However, on rare 
occasions, such as the micrograph shown at 30 minutes, part of the AlCuFeMnSi 
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particle showed evidence of trenching and sulfur was only detected over the region of 
the particle that was relatively closer to the trenched matrix (At point B). Figure 5.12d 
shows a sample EDS spectra showing the presence of sulfur at point B. In contrast, 
Figure 5.12e present the typical EDS spectra at point C showing the absence of sulfur 
over the particle that was relatively close to the portion of the particle that did not 
exhibit trenching in the adjacent alloy matrix. Comparing the EDS spectra, Point B 
appears to be richer in Cu suggesting that 3Na-MAcet had a preference towards Cu-
rich sites. 
Figure 5.12b shows the AA2024-T3 surface after being immersed in the 3Na-
MAcet solution for 24 hours. All observable intermetallic particles on the surface of 
AA2024-T3 had large cracks on the surrounding alloy surface (the cracks are 
indicated at point A in Figure 5.12b). These cracks are known as mud cracks and are 
typical features of a film over the alloy surface that had dehydrated and subsequently 
cracked while conducting surface analysis with the electron beam of the SEM. 
Furthermore the polishing marks were not visible anywhere on the 3Na-MAcet 
sample. On the particles themselves, dendritic-like growths could be found. Figure 
5.12c shows a zoomed in view of one of the particles to show the presence of these 
deposits with a dendritic-like appearance. Due to the relative thickness of the 
deposited film and the size of the mud cracks, it was difficult to observe the presence 
of trenching surrounding the intermetallic particle itself. Compared to the uninhibited 
NaCl sample, the AlCuFeMnSi particles showed evidence of trenching earlier in the 
presence of 3Na-MAcet.  
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a) 30 minutes b) 24 hours 
  
 
c) Magnefied view of the deposits 
 
d) EDS spectra at point B e) EDS spectra at point C 
Figure 5.12: Secondary electron micrograph of the 3Na-MAcet 3x10-4 M sample. The typical 
surface after a) 30 minutes shows S-phase (particle A) were typically de-alloyed and trenched. 
A partially trenched AlCuFeMn particle shows the presence of sulfur only over the portion of 
the particle that was trenched (point B). b) 24 hours immersion in 3Na-MAcet at a 
concentration of 3x10-4 M. Site A shows examples of large mud cracks. c) The zoomed in view 
of the region indicated by the red dashed box in micrograph b). This shows examples of the 
dendritic-like growth on particles. d) The EDS spectra for point B showing the presence of 
sulfur. e) The EDS spectra over point No C where no sulfur was detected. 
Figure 5.13a and c shows the micrographs of the AA2024-T3 immersion 
samples in the presence of CeCl3 and PrCl3 respectively. After 30 minutes, the 
majority of intermetallic sites, showed no evidence of trenching and de-alloying of S-
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phase appeared to have been inhibited due to the detection of Mg still being present. 
The typical EDS spectra over S-phase (such as Particle A) is shown in Figure 5.13b. 
At the sites that were trenched, inhibitor deposits was also observed and the rare earth 
cation was detected suggesting the deposition of rare earth-oxides/hydroxides at those 
sites.  
The corresponding surfaces were similar even after 24 hours of immersion. The 
majority of sites did not show trenches. The EDS spectra after 24 hours shows Mg 
still present at particle B however it is noted that the peak is smaller compared to the 
30 minutes spectra. This could be an indication of some preferential dissolution of Mg 
taking place but it clearly demonstrates the ability of the rare earth salts to inhibitor 
the de-alloying process. Figure 5.13d shows an example of sites with large volumes 
of corrosion product, inhibitor film and severe corrosion attack. The majority of attack 
appeared to have taken place at these sites while the rest of the alloy surface was 
protected by the rare earth salts.  
The more efficient inhibition afforded by the rare earth chloride salts compared 
to 3Na-MAcet corresponds to the polarisation data of the single inhibitors as shown 
in Figure 5.3 and Figure 5.5. It should be noted that when any inhibitor was present 
in solution, no observable corrosion ring was found. Furthermore, polishing lines was 
still visible on the surfaces immersed in the rare earth chloride salts but to a lesser 
extent on the uninhibited NaCl and 3Na-MAcet samples. 
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 30 minutes 24 hours 
a) 
  
b) 
  
c) 
  
d) 
 
 
Figure 5.13: Secondary electron micrograph of the samples a) CeCl3 at 10-4 M and c) PrCl3 10-
4 M after 30 minutes and 24 hours of immersion. For the CeCl3 sample, b) the EDS spectra at 
point A and B are also shown. For the PrCl3 sample, d) an example of an attacked site with a 
significant volume of inhibitor deposits and corrosion product is presented. 
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Figure 5.14a and b displays the secondary electron micrographs for the mixtures 
Ce+3MAcetMIX and Pr+3MAcetMIX respectively immersed for 30 minutes and 24 
hours. Within 30 minutes of immersion, preferential deposition over S-phase was 
observed while other intermetallic particles, such as AlCuFeMn, showed no 
deposition of corrosion product or any trace of rare earth or S. Both inhibitor mixtures 
demonstrated similar behaviour and therefore only the spectra for the Pr+3MAcetMIX 
will be presented here. Point A on the Pr+3MAcetMIX sample immersed for 30 
minutes (shown in Figure 5.14c) shows the typical EDS spectra over S-phase 
particles. The presence of Mg indicates the inhibition of de-alloying and the detection 
of both Pr and S suggests the deposition of an inhibitor film. In contrast, Figure 5.14d 
shows the EDS spectra of point B over an AlCuFeMnSi particle. No Pr or S was 
detected. The deposits over S-phase particles appeared to be spherical in shape and 
the EDS detected rare earth and S typically when deposits were present over a particle. 
After 24 hours of immersion, the deposition was still over S-phase particles 
while other intermetallic particles remained unchanged still having no noticeable 
corrosion product or inhibitor films. Figure 5.14c and d show the EDS spectra over 
different S-phase particles on the Pr+3MAcetMIX samples immersed for 24 hours. 
The presence of Mg suggests that S-phase particles had not completely de-alloyed 
even after the 24 hour immersion period. The detection of both Pr and S once again 
suggests the deposition of an inhibitor film over S-phase. In general, the volume of 
inhibitor deposits or corrosion product over individual particles or the alloy matrix did 
not appear to increase between 30 minutes and 24 hours of immersion. Again, 
corrosion rings could not be found on the surface of AA2024-T3 and polishing lines 
could still be observed on the matrix, similar to the single inhibitors. The polishing 
lines suggest the deposition of a very thin inhibitor film over the matrix to limit 
corrosion product formation. Overall, the surfaces of AA2024-T3 immersed with the 
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mixtures were similar to their rare earth chloride salt counter parts consistent with the 
average icorr values discussed previously in Figure 5.6. 
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 30 minutes 24 hours 
a) 
  
b) 
  
c) 
  
d) 
  
Figure 5.14: Secondary electron micrograph of the mixtures a) Ce+3MAcetMIX and b) 
Pr+3MAcetMIX with the rare earth chloride at a concentration of 10-4 M and 3Na-MAcet at 3 
x 10-4 M. The typical surface is shown after 30 mins and 24 hours of immersion. c) The EDS 
spectra over point A and d) point B corresponding to the 30 minute and 24 hour immersion 
samples for the Pr+3MAcetMIX inhibitor. 
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5.3.2. The effect of concentration and immersion time on the surface of 
AA2024-T3  
Figure 5.15 shows the secondary electron micrographs for both the rare earth-
MAcet compounds immersed for 30 minutes or 24 hours as well as at concentrations 
10-4 M and 10-3 M. The behaviour of Ce(MAcet)3 and Pr(MAcet)3 were generally 
similar and therefore the focus of discussions will be on the Pr(MAcet)3 inhibitor. 
However for visual comparison, the Ce(MAcet)3 secondary electron micrographs 
have been presented. 
Figure 5.15c shows the secondary electron micrographs for the sample 
immersed in Pr(MAcet)3 inhibitor at a concentration of 10-4 M. After 30 minutes of 
immersion, the AA2024-T3 surface appears very similar to the corresponding mixture 
Pr+3MAcetMIX. Inhibitor deposits are observed predominantly over S-phase 
particles which commonly resembled the shape of a sphere. Evidence of trenching 
and Mg completely dissolved out of S-phase was very common of S-phase, however, 
there were some sites (such as Particle A in Figure 5.15c after 30 minutes of 
immersion) which showed insignificant trenching. This was accompanied with the 
presence of Mg (as shown by the EDS spectrum in Figure 5.15d). This along with the 
presence of both Pr and S indicates that, while most S-phase underwent de-alloying, 
there were some sites that appeared to have been protected by the Pr(MAcet)3 
inhibitor.  
After 24 hours of immersion in the Pr(MAcet)3 10-4 M solution, the volume of 
corrosion product and inhibitor deposits had increased significantly. The adjacent 
matrix surface showed evidence of deposits as well as mud cracking. A typical EDS 
spectrum of the large deposits is shown at Point A by the black arrow. Both the Mg 
and S signal in the particle had decreased and the Pr peaks had increased. This change 
in the concentration of Pr and S could be an indication of the mechanism of film 
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deposition between the 30 minute and 24 hour immersion periods. It should be noted 
that the volume of deposits on the Ce(MAcet)3 10-4 M sample was noticeably greater 
than on the Pr(MAcet)3 10-4 M sample. Corrosion rings were once again absent on the 
AA2024-T3 surface in the presence of the rare earth-MAcet compounds.  
Figure 5.15b and e show the Ce(MAcet)3 and Pr(MAcet)3 samples respectively 
at a concentration of 10-3 M. Immersion experiments at the higher concentration of 
10-3 M were conducted to support the findings from the polarisation study on the 
effects of inhibitor concentration and immersion time on the mode of inhibition.  
After 30 minutes of immersion, deposits of corrosion product and inhibitor 
deposits were once again observed, however they were not always found over S-phase 
particles. The deposits appeared to be randomly placed, not just over S-phase but other 
particles and the matrix as well for both the Ce(MAcet)3 10-3 M and Pr(MAcet)3 10-3 
M samples. There was no sign of trenching around intermetallic particles. From the 
EDS spectra over S-phase particles (such as Point A) a significant amount of Mg was 
still present along with peaks of Pr and S. The peaks of Pr and S were smaller 
compared to the 30 minute immersion spectra when the rare earth-MAcet inhibitor 
was present in solution at a concentration of 10-4 M. The presence of Mg supports that 
limited de-alloying of S-phase had taken place. In addition, the relatively smaller Pr 
and S peaks at the higher concentration of 10-3 M suggests that the film is different to 
the inhibitor film present when the inhibitor concentration was only 10-4 M.  
After 24 hours, there did not seem to be any noticeable change as the 
composition of S-phase still contained significant levels of Mg and thus an indication 
of limited de-alloying. Visually, the deposits of corrosion product and inhibitor 
deposits did not significantly increase in volume. This was observed for both the rare 
earth-MAcet compounds. It should be noted that polishing lines were observable on 
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the surfaces immersed in the rare earth-MAcet solutions at a concentration of 10-3 M, 
similar to the surfaces of the rare earth chloride salts.  
 30 minutes 24 hours 
a) 
 
  
b) 
 
  
c) 
 
  
d) 
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Figure 5.15: Secondary electron micrograph of the compounds a) Ce(MAcet)3 at a 
concentration of 10-4 M, b) Ce(MAcet)3 at a concentration of 10-3 M, c) Pr(MAcet)3 at a 
concentration of 10-4 M. d) The EDS spectra at point A for the surfaces immersed with 
Pr(MAcet)3 10-4 M for 30 minutes (left) and 24 hours (right). e) Secondary electron micrograph 
of the surface immersed with Pr(MAcet)3 at a concentration of 10-3 M and f) the corresponding 
EDS spectra for point A (left) and point B (right). The typical surface for each sample is shown 
after 30 mins and 24 hours of immersion. 
5.3.3. Removal of corrosion product and inhibitor films over S-phase 
intermetallic particles 
A side effect of the ToF-SIMS measurement resulted in the removal of corrosion 
product and inhibitor deposits present on the surface the immersion samples. It is not 
understood how such a significant amount of deposits was removed since ToF-SIMS 
is considered to be a none-destructive method for analysis (typically only affecting 
10-100nm into the sample surface) 159. Nonetheless this provided us with the 
opportunity to analyse the intermetallic particles underneath the corrosion product and 
inhibitor films. 
Figure 5.16a shows the secondary electron micrograph of the Ce(MAcet)3 10-4 
M after a 24 hour immersion period with the inhibitor film directly over a few 
intermetallic particles removed. Point A (Figure 5.16b) is a site over the matrix that is 
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adjacent to a particle which detected Al, Cu, O and Ce using the EDS. Point B (Figure 
5.16c) is directly over one of the heavily trenched particle which found Al, Cu, O, Ce 
and S. The lack of Mg suggests that the particle was a de-alloyed S-phase since there 
were no θ-phase (Al2Cu) present in the alloys used in any experiments. These 
observations were consistent with the EDS analyses on the surfaces before the 
removal of inhibitor film. Point C (Figure 5.16d) is located relatively far away from 
the intermetallic particle and the elements Al, O, Mg and Ce were detected. The 
presence of Ce even away from the particle supports the deposition of a film 
containing Ce over the AA2024-T3 surface away from the intermetallic particle 
whereas the concentration of S was below the detection limit. Point D (Figure 5.16e) 
shows the matrix surface underneath the corrosion film which gave an almost identical 
composition as the matrix before immersion (Al, Cu and Mg) implying limited change 
after immersion.  
 
 
 
 
 
 
 
 
 
 
 The effect of the rare earth-MAcet compounds on the corrosion initiation on AA2024-T3 
  P a g e  | 86 
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b) c) 
  
d) e) 
  
Figure 5.16: SEM/EDS analysis on the Ce(MAcet)3 10-4 M sample immersed for 24 hours. The 
surface was analysed after the ToF-SIMS analysis. a) Secondary electron micrograph of a de-
alloyed S-phase particle with the corrosion product and inhibitor deposits removed from the 
ToF-SIMS analysis. EDS spectra were taken from b) Point A – the deposited matrix film in 
close proximity to the particle, c) Point B - over one of the de-alloyed particles, d) Point C - the 
film relatively far from the particle and d) Point D – the matrix surface underneath the 
deposited inhibitor film.  
Figure 5.17a shows the typical surface Pr(MAcet)3 10-4 M sample after a 24 
hour immersion period with the corrosion product and inhibitor film over the 
intermetallic particle removed. The EDS analysis was similar to the Ce(MAcet)3 
sample in terms of the location at which certain elements were detected. Figure 5.17b 
shows the spectrum at Point A (the film covering the matrix immediately surrounding 
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the particle). Pr, Cu, Al and O were detected suggesting the presence of a mixed 
oxide/hydroxide film of both Pr and Al. S was not detected. Point B (Figure 5.17c) 
was situated over one of the heavily trenched particles and the elements Al, Cu, O and 
S were detected. No Pr was detected over the intermetallic particle. Once again, the 
absence of Mg suggested that the particle was a de-alloyed S-phase. Although 
Pr(MAcet)3 species were present over the intermetallic particle, the extent of 
corrosion attack demonstrates its inability to sufficiently inhibit the de-alloying and 
trenching processes on S-phase at the concentration of 10-4 M. Point C (Figure 5.17d) 
was the film relatively far from the intermetallic site compared to Point A. only Al, 
Cu and O were detected suggesting the presence of an Al oxide/hydroxide film.   
It should be noted that there were no bare matrix surfaces where the inhibitor 
film was removed for the Pr(MAcet)3 sample. This prevented any spectra to be taken 
and compared to Point D of the Ce(MAcet)3 sample. This may indicative of the 
difference in the film-to-alloy adhesion for the films deposited by the two rare earth-
MAcet inhibitors. 
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b) c) 
  
d) e) 
 
No exposed matrix surface 
underneath inhibitor film 
 
Figure 5.17: SEM/EDS analysis on the Pr(MAcet)3 10-4 M sample immersed for 24 hours. 
The surface was analysed after the ToF-SIMS analysis. a) Secondary electron micrograph 
of a de-alloyed S-phase particle with the corrosion product and inhibitor deposits removed 
from the ToF-SIMS analysis. EDS spectra were taken from b) Point A – the deposited 
matrix film in close proximity to the particle, c) Point B - over one of the de-alloyed 
particles and d) Point C - the film relatively far from the particle. Note that the Pr(MAcet)3 
has no point D.  
5.4. Detection of rare earth-MAcet species over the AA2024-T3 surface using 
ToF-SIMS 
In this work both rare earth and S were detected using EDS predominantly over 
intermetallic particles (such as S-phase) and on the deposited films immediately 
surrounding a site with a large volume of corrosion product. No rare earth or S was 
detectable on the matrix where there was no obvious presence of a deposited film. 
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However, the deposition of cerium over intermetallic particles as well as the alloy 
matrix has been reported by Andreatta et al. 160. To confirm the presence of the rare 
earth-MAcet inhibitor over the matrix, the ToF-SIMS technique was used to further 
analyse the surface of the immersion samples.  
Figure 5.18 shows the ToF-SIMS map for the samples immersed in the presence 
of Pr(MAcet)3 10-4 M sample for both the 30 minutes and 24 hour immersion periods. 
The presence of a species from low to high concentration is indicated by a colour 
between brown to white scale respectively. Black on the map signifies no signal and 
thus the particular species was not detected at that site. Contrary to the observations 
from the SEM/EDS, the very first observation to note is that both Pr and S were in 
fact present over the matrix as well as intermetallic particles. This strongly suggests 
that the Pr(MAcet)3 species had deposited over the whole alloy surface and not just 
over intermetallic particles as early as 30 minutes in solution.  
Figure 5.18a shows the micrograph for the concentration of Pr species after 30 
minutes of immersion. Higher concentrations of Pr species were observed around 
what appeared to be intermetallic particles. After 24 hours, there was still a higher 
concentration of Pr directly around intermetallic particles, however, the concentration 
over the matrix film appeared to have increased compared to the surface after a 30 
minute immersion.  
Figure 5.18b shows the map corresponding to the S species. In contrast to the 
Pr species, the S species were present over the whole AA2024-T3 surface with no 
noticeable preferential deposition. In the S map after 30 minutes, there was a yellow 
streak that passes through the large intermetallic particle. It is currently not known 
what this yellow streak represents since it doesn’t seem to resemble any scratch or 
polishing marks on the sample. After 24 hours, there was clearly a higher 
 The effect of the rare earth-MAcet compounds on the corrosion initiation on AA2024-T3 
  P a g e  | 90 
concentration of S species around intermetallic particles compared to the matrix. This 
suggests that although deposition of S species were not exclusive to the matrix 
surrounding intermetallic particles, there seemed to be an increasing preference at 
those particular sites. The fact that this film was not observable on the SEM/EDS 
suggests that it is a relatively thin film.  
Pr(MAcet)3  
10-4 M 30 minutes 24 hours 
a) 
Praseodymium 
species 
PrH+, PrO+, 
PrOH+, PrO2H2+ 
  
b) 
Sulfur species 
HS-, SO-, SO3-, 
SO3-, SO4-, SO4H- 
  
Figure 5.18: ToF-SIMS micrographs from the Pr(MAcet)3 sample immersed for 30 minutes 
and 24 hours. The maps are shown for the a) Pr species and b) S species. The 30 minute 
map shows the yellow streak (shown by the white arrow) that was possibly an artefact of 
the instrument. The seemingly preferential deposition of S around intermetallic particles is 
indicated by the white arrows in the 24 hour S map. The image shift was due to changing 
from the positive to the negative ion data polarities. 
5.5. Discussion 
5.5.1. Discrepancy of the time dependent trenching of AlCuFeMnSi 
intermetallic particles 
From the work of Boag et al., trenching around all intermetallic particles 
immersed in 0.1 M NaCl, including the AlCuFeMnSi composition, was observed after 
2 hours 65. In the current work, a number of AlCuFeMnSi particles did not show 
trenching even after 24 hours. Possible factors that influenced such significant 
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differences between the work of Boag et al. and the current work included a non-
identical batch of AA2024-T3 and an alternative polishing medium used. The use of 
ethanol in the current work will likely contain a significant percentage of water which 
may have oxidised certain intermetallic particles resulting in the formation of a 
passive film and protecting them from the corrosive environment. Alternatively, 
instead of oxidation from water, the particles in question may have been located in the 
alloy subsurface and thus had a layer of material covering them. Such factors may 
have delayed the trenching process around the AlCuFeMnSi particles in the current 
work however, further experiments need to be undertaken to confirm these effects.  
5.5.2. Preferential deposition over intermetallic particles and the inhibition 
of corrosion rings – single inhibitors and mixtures 
For the rare earth chloride salts, the mixtures and the rare earth-MAcet 
compounds all preferentially deposited over S-phase. From the polarisation 
experiments, the rare earth chloride salts, the mixtures and the rare earth-MAcet 
compounds were all predominantly cathodic inhibitors (excluding the 24 hour 
immersion in the case of the rare earth-MAcet compounds). Cathodic inhibition at 
neutral solutions are typically associated with the precipitation of a film over cathodic 
sites to limit the amount of oxygen reaching the alloy surface 161. Aldykiewicz et al. 
demonstrated that the cathodic inhibition observed on AA2024-T3 in the presence of 
CeCl3, was due to the deposition of a Ce-rich film over the Cu-rich intermetallics 107. 
This suggests that the rare earth chlorides, the mixtures and the rare earth-MAcet 
compounds were all likely depositing a protective film over active cathodic sites. In 
this work, deposition of a film was typically observed over S-phase intermetallic 
particles, during and after de-alloying. This film over S-phase limited the preferential 
dissolution of Mg as well as the oxygen reduction reaction over cathodic sites. The 
deposition over intermetallic sites showing evidence of trenching suggests that each 
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of the inhibitors required corrosion reactions to occur before any inhibition could be 
provided. This previously been suggested for other rare earth-organic inhibitors, such 
as Ce(dpp)3 162, 163. A clear example of this was found on the sample immersed with 3 
x 10-4 M of the 3Na-MAcet inhibitor (Figure 5.12a after 30 minutes). About half of 
the AlCuFeMnSi particle showed trenching and S was only detected over the trenched 
portion of the intermetallic particle at point B. This may mean that the local conditions 
at the alloy surface, and even local sites within a single intermetallic particle, can 
influence the favourability of deposition. For the inhibitors containing thiol groups, 
Garrett suggested that the adsorption of thiol species over cathodic sites on AA2014-
T6 was likely due to the S interacting with the Cu within the intermetallic 164, 165. 
Therefore the preferential deposition of certain thiol-containing inhibitor species over 
cathodic intermetallic particles was likely due to a combination of corrosion reactions 
occurring and the presence of Cu interacting with the S. Assuming that neutral to 
alkaline conditions are present at these cathodic sites, the carboxyl group in the MAcet 
ligand would expect to be deprotonated and take the form of O- 166. The migration of 
these negative charges towards the Cu sites would assist in displacing other negative 
species, such as Cl- and OH- ions therefore promoting the growth of the 
inhibitor/passive film instead of its dissolution. This means that while the inhibitor 
species may be attracted to form a film on Cu-rich sites by means of the thiol group 
due to the strong Cu-S affinity 117, the displacement of aggressive species are more 
likely caused by the deprotonated carboxyl group. 
The average icorr of the rare earth chloride salts were very similar to their 
respective mixtures (as shown in Figure 5.6). In addition, similar deposition behaviour 
was observed for both types of inhibitors when comparing their corresponding 
secondary electron micrographs after 30 minutes and even after 24 hours (Figure 5.13 
and Figure 5.14 for the rare earth chloride salts and the mixtures respectively). This 
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suggests that the inhibition behaviour is not significantly affected even when the 
organic compound, Na-MAcet, was present in solution. This suggests that the 
mixtures lacked any noticeable synergistic inhibition which was expected when 
combining the individual inhibitors together.  
The lack of corrosion rings on the surfaces exposed to any of the inhibitors of 
this work indicates that several corrosion processes were affected. Hughes et al. 
reported that corrosion rings developed on AA2024-T3 as early as 15 minutes after 
immersion in 0.1 M NaCl and it was proposed that the formation was due to the 
presence of different local conditions on either side of the ring boundary 158. Corrosion 
rings were also observed in the work of Chen et al. on the surface of AA2024-T3 
immersed for three days in 0.5 M NaCl at least at pH 3 and 5.8 60. A number of 
mechanisms were proposed concerning corrosion ring formation, such as the 
conditions within the corrosion ring were either too acidic or alkaline for any 
precipitate to form, but they also showed that within one corrosion ring, the likely pH 
rise from oxygen reduction (for example) did not provide a good explanation for the 
ring structure. Another proposition was that a convection process pushed corrosion 
product towards the boundary of the corrosion rings but this model has not been 
confirmed 158. Hughes et al. attributed the formation of corrosion rings to the 
generation of H+ ions or the occurrence of the hydrogen evolution reaction 167. It is 
still not clear how corrosion rings formed and developed, however, the results of the 
current work suggest that the deposition of a film by any of the rare earth-MAcet 
inhibitors disrupted the formation process of corrosion rings on AA2024-T3. 
5.5.3. The presence of both rare earth and S over the whole alloy surface – 
Ce(MAcet)3 and Pr(MAcet)3 compounds 
The SEM/EDS analysis performed in this work seemed to indicate that the 
inhibitor species (Ce or Pr and S) would preferentially deposit only over certain 
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intermetallic particles, such as S-phase. The inhibitor species were also detected in 
the deposited film directly surrounding these particles. The results of the ToF-SIMS 
clearly showed that both rare earth and S species had deposited over the whole sample 
surface and not just over intermetallic particles. Andreatta et al. attributed this effect 
to the concentration of the particular species being below the detection limit of the 
EDS but not for the ToF-SIMS 160. Ho et al. used a combination of XPS (X-ray 
photoelectron spectroscopy) and FIB-SEM (Focused ion beam secondary electron 
microscopy) to detect Ce and P species incorporated into the surface film over 
AA2024-T3 that had been immersed for 7 days in solutions containing Ce(dbp)3 and 
NaCl 23. These support the observations in the current work, whereby, the deposition 
of rare earth-MAcet species was over the whole exposed surface of AA2024-T3 and 
not exclusively over certain intermetallic particles. Furthermore, the fact that this film 
could not be detected by the SEM/EDS and only by ToF-SIMS, suggests that it is a 
relatively thin film (less than the micrometer scale) 168. EDS has a larger interaction 
volume and hence the penetration of the underlying matrix dominate and hide the 
signal corresponding to the general film 169.  
Arnott et al. proposed the nucleation and island growth model whereby the 
deposition of the general film initiated at numerous nucleation sites such as cathodic 
intermetallic particles on AA7075 170. The film would then spread over the alloy 
matrix to provide complete and heterogeneous coverage of the exposed alloy surface. 
A similar mechanism of deposition of the general film was likely taking place with 
the rare earth-MAcet inhibitors on AA2024-T3. This means there were so far at least 
two types of inhibitor films/deposits: the film that deposits over S-phase during and 
after the de-alloying process and the general film over the alloy matrix and other 
intermetallic particles. There were a number of distinct features which differentiated 
the S-phase film from the general film. There was a higher concentration of inhibitor 
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species observed over the heavily trenched intermetallic particles compared to over 
the alloy matrix. In addition, the appearance of the deposited film between these two 
sites was also different. De-alloyed S-phase remnants tended to have large spherical 
deposits over its surface while the general film was likely to be much thinner as it was 
not easily observed on the alloy matrix. The S-phase film is likely providing anodic 
inhibition while the general film provides cathodic inhibition. This is similar to the 
mechanism for chromates whereby there was a two-step deposition. The reduction of 
Cr6+ to Cr3+ to form a protective film over the material surface and provide deposition 
sites for Cr6+ 83. The second step involves the Cr6+ detaching from the chromate film 
and depositing at corroding sites. Similarly, the rare earth-MAcet has two steps for 
film deposition. 
Beyond 30 minutes of immersion and up to 24 hours, when the rare earth-MAcet 
compounds were present in solution at 10-4 M, increased volumes of corrosion product 
and inhibitor deposits were observed over de-alloyed S-phase. This suggests that 
corrosion reactions over the S-phase could not be completely shut down. The S-phase 
remnant is still expected to be cathodic relative to the surrounding matrix and thus the 
corrosion reaction would continue at susceptible sites on the inhibitor films. These 
sites that are more susceptible to the initiation of local attack over S-phase may have 
arisen from the competition of film formation by the inhibitor and film dissolution by 
Cl- ions. There was an insufficient concentration of inhibitor molecules at 10-4 M in 
solution to completely protect S-phase particles. The production of OH- ions over the 
de-alloyed S-phase remnant would increase local pH. The alkaline conditions would 
then hydrolyse bonds within the deposited film and subsequently releasing rare earth 
and MAcet species into solution. The inhibitor species, in addition to the metal alloy 
ions, can then form hydroxide or oxide precipitates in the form of the spherical 
deposits that are observed over S-phase in the SEM micrographs. There will also be 
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susceptible sites on the alloy surface within the matrix and other intermetallic 
particles. These susceptible sites may arise due to the presence of impurities, 
dislocations, grain boundaries and other alloy defects. At these sites, corrosion 
processes may continue at a significant rate due to the influence of the corrosion 
species (such as Cl- ions) resulting in further corrosion attack. Once again, inhibitor 
species and metal alloy cations (such as Al3+ ions), most likely from the deposited 
film, which may then hydrolyse and precipitate over the corroding site.  
It was also evident that the deposits found over S-phase and S-phase remnants, 
were typically not present over other intermetallic particles, such as AlCuFeMn. 
These AlCuFeMn particles are expected to be cathodic relative to the matrix and 
therefore should have precipitated deposits on the samples immersed for 24 hours. 
The obvious difference between S-phase and the other intermetallic particles is the 
de-alloying process which takes place in S-phase. De-alloying of S-phase to a Cu-rich 
remnant particle is known to change electrochemical characteristics from being 
anodic to highly cathodic respectively relative to the alloy matrix 71. Although the 
difference in electrochemical activity between different intermetallic particles has 
previously been shown by Birbilis et al. 64, the role in corrosion reactions that each 
intermetallic composition takes must first be quantified in order to understand why 
limited or no deposits formed on intermetallic particles that were not S-phase. The 
instances where no deposits could be observed, it may have been below the detection 
limit of the EDS or the resolution of the SEM. Understanding the influence of different 
intermetallic compositions is a major topic in Chapter 7 of this work. Nonetheless, the 
observations in this work suggests the presence of at least three deposition 
mechanisms, the first mechanism influencing the deposition of a film over the S-phase 
particles, the second over the alloy matrix and the other intermetallic particles by 
means of an island growth mechanism and finally the third precipitating at susceptible 
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sites over the whole alloy. These distinct films support the heterogeneous nature of 
the inhibitor film that was detected over the immersion samples from both the 
SEM/EDS and ToF-SIMS analysis. 
Furthermore, from the EDS spectra, particularly Figure 5.16 and Figure 5.17, 
the signal for rare earth and S varied depending on the location of analysis. This 
suggests the presence of multiple species of the inhibitor which had deposited on the 
sample. It is not known whether these species were present in solution prior to 
deposition or if these species were the products of the inhibition mechanism at certain 
sites. The latter seems more likely considering that the heterogeneous nature of 
AA2024-T3 will lead to the establishment of local pH gradients. The general film 
surrounding intermetallic particles is likely to contain predominantly a mixture of 
oxides/hydroxides for the rare earth and the metal alloy substrate. Although S was not 
detected by the EDS, its detection by the ToF-SIMS indicates the presence of MAcet 
species within this general film as well. The species over the de-alloyed S-phase 
particles are more difficult to identify since the species present are likely to contain 
any number of the following: rare earth, MAcet, SOx, OH- and H2O. 
5.5.4. Possible synergistic inhibition observed with the rare earth-MAcet 
synthesised compounds  
One would expect that in a solution of 0.1 M NaCl containing the same 
concentration of say Ce3+ and MAcet, species in solution would eventually reach an 
equilibrium and would be independent of whether the compound was dissolved or the 
components were added separately. Clearly this is not the case given the different 
inhibitor behaviour. This is shown in Figure 5.3 and Figure 5.5 for Ce(MAcet)3 and 
Pr(MAcet)3 respectively. Thus the species in solution upon dissolving the compounds 
are likely to be different which may simply be a kinetic effect whereby some bonds 
in the compound are not readily broken. These compounds typically have low 
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solubility in a relatively neutral aqueous system. Thus the more complex, possibly 
oligomeric, species present upon dissolving the compounds in solution may 
precipitate differently onto the AA2024-T3 substrate and hence a different film may 
form that improve anodic inhibition and create synergy. This behaviour is similar to 
the work of Seter et al. who used mass spectrometry to identify the different species 
present in solution for La(4OH-Cin)3, La(3OH-Cin)3 and La(2OH-Cin)3 129. The 
chemical formula of each inhibitor were exactly the same, differing only by the 
position that the OH- group was bonded to the benzene ring with respect to the 
carboxylate group. Although the mixtures and their respective rare earth-MAcet 
compounds contained exactly the same elements in solution, it was highly likely that 
the species in solution for each inhibitor were not identical resulting in the varied 
inhibition efficiencies which Seter et al. observed 129. The variation in species of 
vanadate-based inhibitors affecting corrosion inhibition has also been reported by 
Iannuzzi et al. 17. 
Another observation throughout all the experiments was the better levels of 
inhibition of the Pr(MAcet)3 compound compared to Ce(MAcet)3, one example can 
be seen when comparing the icorr values in Figure 5.6. Bear et al. reported that 
variations in stabilities of glycolate, acetate and α-mercaptoacetate complexes can be 
observed when mixed with different lanthanide cations 171, but since Pr was not 
investigated, no comparison with Ce could be made. Muster et al. performed 
experiments on mixtures of CeCl3, PrCl3, LaCl3 and NdCl3 which suggested that 
having higher concentrations of CeCl3 led to more efficient inhibition on AA2024-T3 
172. However, Markley et al. reported that although Ce(dpp)3 appeared to provide the 
majority of cathodic inhibition under neutral conditions, the stability of Pr(dpp)3 under 
alkaline conditions (up to pH 11) allowed for efficient delivery of the dpp- ligand 
towards the AA2024-T3 surface 21. This process resulted in a more protective and 
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extensive surface film. Furthermore, it has been suggested that the different behaviour 
of cerium compared to the other rare earth cations was due to Ce(III) being able to 
oxidise to Ce(IV) and therefore having a wider range of possible species that could be 
present in solution depending on pH 110, 173. This may explain why the 
Ce+3MAcetMIX mixture was able to outperform the Ce(MAcet)3 compound with 
respect to cathodic inhibition and average icorr values as shown in Figure 5.6. 
As shown in Appendix 2 - Characterisation of the rare earth-MAcet compounds, 
the presence of sulphate species were detected in the inhibitor powders. This suggests 
that the rare earth-MAcet inhibitors are potentially air sensitive and as such can 
deteriorate in air. Mankowski et al. has shown sulphate to be aggressive towards low 
alloyed copper depending on the chloride concentration 174. The low concentration of 
sulphate ions detected within the inhibitor suggests that the influence of the sulphate 
ions may not be significant.  
5.5.5. The effect of concentration and OCP time on inhibition of the rare 
earth-MAcet compounds 
Figure 5.9 showed that an increase in the rare earth-MAcet inhibitor 
concentration to 10-3 M shifted the average icorr to lower current densities compared 
to increasing the immersion time to 24 hours. After a 30 minute immersion time at the 
10-3 M concentration, there was a more significant drop in the cathodic current 
densities. From the SEM/EDS data, de-alloying was significantly stifled only at such 
high concentrations. This suggests that inhibition of both of the rare earth-MAcet 
compounds was much more efficient at 10-3 M compared to when they were present 
in solution at the lower concentration of 10-4 M. Moshier et al. proposed that the 
concentration of an inhibitor in solution affected the film chemistry and therefore the 
film stability 125. Moshier et al. observed the solubility of certain molybdate species 
being affected by the concentration; at low concentrations of sodium molybdate, there 
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was a significant concentration of Mo+4 species relative to Mo+6 species. This meant 
that MoO2 species were preferentially adsorbed onto the surface of AA7075. In 
contrast, at high concentrations, the amount of Mo+4 species in solution is limited by 
solubility and thus Mo+6 species are preferentially adsorbed onto the alloy surface as 
MoO4-2. A thicker film of inhibitor deposits over the surface of AA7075 when the 
Mo+4 species were preferentially adsorbed. The film at higher concentration and 
preferentially adsorbing Mo+6 species resulted in a thinner and more protective film. 
Alternatively, it can be assumed that the rare earth-MAcet inhibitors were 
demonstrating “smart” inhibition capabilities whereby deposition only occurs at 
corroding sites. Therefore at insufficient concentrations (10-4 M) the inhibitor was 
unable to significantly stifle corrosion reactions causing continuous inhibitor 
deposition. At sufficient concentrations (10-3 M) corrosion processes are significantly 
slowed and deposition is less frequent resulting in a thin film on the sample surface. 
The latter assumption seems more likely as observations on the behaviour of the rare 
earth-MAcet inhibitors seemed to indicate the necessity for corrosion to first take 
place before any inhibition can take place.  
Furthermore, Seter et al. proposed that a more homogeneous film can be 
achieved on the surface of mild steel (AS1020) with higher concentrations of the rare 
earth-organic inhibitor, La(4OH-cin)3 138. It was suggested in that work that, at higher 
concentrations, speciation in solution is different with a more uniform distribution of 
species containing the 4OH-Cin ligand, leading to a more homogeneous chemistry of 
deposition. This preference in having specific species in solution and the influence of 
both concentration and immersion time, has previously been shown for chromate and 
vanadate-based inhibitors on AA2024-T3 16, 17, 175. Considering that a similar 
dependence on the presence of certain species in solution was also observed with 
inhibitors on AA2024-T3, it is assumed that the observations of Seter et al. on 
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inhibitors for steel were applicable to some extent to the current work. Seter et al. 
attributed the higher level of inhibition afforded by La(4OH-Cin)3 under alkaline 
conditions, to the high concentrations of La(4OH-Cin)x species in solution. This was 
compared to the reduced level of inhibition under acidic conditions, where the 
dominant species in solution were lanthanum chloride species. This suggests that 
better level of inhibition was achievable when the solution was dominated by more 
complex species containing the 4hydroxy-cinnamate ligand 129. Speciation 
experiments need to be performed in order to identify the effects of specific complexes 
on inhibition, however, it is still clear that the concentration of the inhibitor can 
significantly influence the resulting level of corrosion inhibition. 
It was clear that anodic inhibition becomes is enhanced after 24 hours compared 
to the 30 minute immersion resulting in a mixed mode of inhibition instead of the 
dominant cathodic inhibition after 30 minutes. The increasing anodic inhibition effect 
was likely due to certain species of the rare earth-MAcet inhibitor forming a protective 
film over the whole alloy surface to limit the metal dissolution reaction. Similarly, 
from conducting experiments on Ce(dpp)3 on AA2024-T3, Garcia et al. suggested that 
the mixed inhibition observed after 10 hours of immersion was mainly due to Ce ions 
depositing over and around intermetallic cathodic particles to limit the oxygen 
reduction reaction and the deposition of the dpp- ligand over the whole surface to limit 
anodic reactions 176. In the current work, the secondary electron micrographs showed 
the presence of a deposited film on the matrix immediately surrounding some 
intermetallic particles as indicated by the mud cracks at the 10-4 M rare earth-MAcet 
concentration. The ToF-SIMS data confirmed the presence of both rare earth and S 
species incorporated in the film over the alloy matrix. In addition, the concentration 
of both the rare earth and S species appeared to increase over time. The increased 
anodic inhibition after 24 hours of immersion was therefore attributed to the 
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deposition of a film containing species of the rare earth-MAcet inhibitors over 
intermetallic particles as well as the alloy matrix. This was referred to earlier as the 
“general film”. The significant anodic inhibition effect was only observed after 24 
hours suggesting that the process of deposition and growth was relatively slow 
compared to the S-phase film. This limitation in time once again supports the island 
nucleation and growth mechanism proposed by Arnott et al. 170. In addition, the 
formation of the third type of film (local general deposits) was mainly observed on 
the 24 hour immersion sample. This indicates that the local general deposits may also 
have been contributing to the improved anodic inhibition over time.  
While increasing the inhibitor concentration possibly resulted in a more efficient 
film deposition and displacement of corrosive species such as Cl- ions, it is also clear 
that experimentation under insufficient inhibitor concentrations revealed features of 
the inhibition mechanism which would have been hidden had all experiments been 
performed only at the sufficient concentration of 10-3 M.  
As mentioned in Chapter 2, the rare earth-diphenylphosphate inhibitors 
(Ce(dpp)3 and Pr(dpp)3 were reported to be effective corrosion inhibitors for AA2024-
T3 by Markley et al. 21, 135. Considering that the Cu-rich intermetallic particles were 
prominent nucleation sites for localised trenching events, it was hypothesised that a 
more effective inhibitor could be obtained by replacing the diphenylphosphate ligand 
with a thiol-containing compound. Table 5.3 compares the average icorr values of 
Ce(dpp)3 versus Ce(MAcet)3 as well as Pr(dpp)3 versus Pr(MAcet)3 after a 30 minute 
or 24 hour immersion period. The average icorr values provide an estimation of the 
corrosion rate of AA2024-T3 in the presence of each inhibitor in solution. It must be 
noted that the concentration of the diphenylphosphate inhibitors were double the 
concentration of the MAcet inhibitors experimented on in this work. Assuming that 
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halving the concentration of Ce(dpp)3 would result in the average icorr being doubled, 
both the Ce(dpp)3 and Ce(MAcet)3 would likely yield similar icorr values after 30 
minutes and even 24 hours of immersion. In contrast, Pr(MAcet)3 achieved the same 
average icorr value at half the concentration of Pr(dpp)3. No value was reported after 
24 hours of immersion in Pr(dpp)3. This suggests that Pr(MAcet)3 was a much more 
effective corrosion inhibitor on AA2024-T3 compared to its dpp- counterpart. This 
also supports the effectiveness of the praseodymium-containing inhibitors compared 
to cerium. In addition, the lower average icorr value of Pr(MAcet)3 compared to 
Pr(dpp)3 supports the hypothesis that a thiol-containing inhibitor does indeed provide 
a more efficient mode of inhibition compared to diphenylphosphate, at least after a 30 
minute immersion period. 
Table 5.3: A comparison of the average icorr values of the rare earth-diphenylphosphate 
inhibitors and their respective rare earth-MAcet inhibitors. The values for the rare earth-
diphenylphosphate inhibitors were taken from the work of Markley et al. 21, 135.  
Inhibitor Concentration  (M) 
Average icorr (μA/cm2) 
30 minutes 24 hours 
Ce(dpp)3 (135) 2 x 10-4 0.8 ± 0.01 0.6 
Ce(MAcet)3 10-4 1.4 ± 0.16 0.52 ± 0.40 
Pr(dpp)3 (21) 2 x 10-4 0.1 ± 0.02 - 
Pr(MAcet)3 10-4 0.1 ± 0.01 0.06 ± 0.03 
 
5.6. Conclusion 
By performing potentiodynamic polarisation experiments and surface 
characterisation of immersion samples with SEM/EDS and ToF-SIMS, certain 
characteristics of the inhibiting behaviour of both Ce(MAcet)3 and Pr(MAcet)3 were 
identified. Both rare earth-MAcet compounds were predominantly cathodic in nature 
within the first 30 minutes of immersion. After 24 hours of immersion, both rare earth-
MAcet compounds behaved as mixed inhibitors.  
The rapid and significant inhibition of cathodic reactions was attributed to the 
preferential deposition of up to three different types of deposits on the AA2024-T3 
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surface. Upon immersion, preferential deposition over S-phase takes place forming 
the first of the films, known as the S-phase film. Simultaneously or subsequently, a 
general film deposits over the other intermetallic particles as well as the matrix by 
means of the island nucleation and growth mechanism. The general film constitutes 
the second type of inhibitor film. There was evidence suggesting that some level of 
corrosion was necessary for the inhibitor to deposit. On the general film, there will be 
susceptible sites within the alloy surface corresponding to features such as grain 
boundaries, impurities and dispersoids. At these sites, corrosion processes were likely 
occurring at a significant rate. Changes to local conditions may allow the hydrolysis 
of the general film surrounding the site and enable further deposition of the inhibitor 
to limit corrosion at local sites. The increasing anodic inhibition after 24 hours was 
attributed to the thickening of the general film over the matrix and cathodic 
intermetallic particles.  
An increase in concentration from 10-4 M to 10-3 M, typically led to an increase 
in cathodic inhibition which significantly stifled the de-alloying process of S-phase 
particles and seemingly shutting down corrosion sites. Such a significant effect on the 
corrosion reactions resulted in no noticeable change between AA2024-T3 surfaces 
immersed for 30 minutes and 24 hours.  
The comparison of average icorr values of Pr(MAcet)3 in the current work and 
Pr(dpp)3 from the work of Markley et al. 21, supported the hypothesis that a more 
effective mode of inhibition can be achieved by using a thiol-containing organic 
ligand instead of diphenylphosphate.   
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Chapter 6 - Simulating the AA2024-T3 surface with the 
Multielectrode method and the influence of the 
Pr(MAcet)3 compound 
6.1. Introduction 
In Chapter 5, the effect of the rare earth-MAcet synthesised compounds on 
corrosion reactions as well as the deposition of inhibitor films on the AA2024-T3 
surface was analysed. The state of the sample surfaces after certain immersion times 
was identified and a mechanism of inhibition was hypothesised for the rare earth-
MAcet compounds. The potentiodynamic polarisation, SEM/EDS and the ToF-SIMS 
techniques characterised the surfaces of the samples after immersion. No data has thus 
far been presented on how the rare earth-MAcet compounds affected local cathodic 
and anodic sites in real-time.  
In the current chapter, we attempt to simulate and analyse the behaviour of local 
cathodes and anodes, as well as the inhibiting effect of Pr(MAcet)3 on these local sties. 
This was achieved by performing wirebeam electrode (WBE) measurements 
composed of Al and Cu electrodes. Since data will be obtained in real-time, a better 
understanding can be achieved on how the rare earth-MAcet inhibitors were 
depositing onto a given surface and shutting down local cathodic and anodic sites.  
The results are presented in two parts. The initial three sections of this chapter 
(Sections 6.2.1 to 6.2.3) will present data from a qualitative perspective in order to 
illustrate the mobility of net sites (anodes and cathodes) as well as analysing the 
volume and position of corrosion product and inhibitor deposits. The remaining 
results sections (Sections 6.2.4 and 6.2.5) will be presented from a quantitative 
perspective to demonstrate the effect of each inhibitor on the current density passing 
through the WBE.   
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6.2. WireBeam Electrode (WBE) measurements 
6.2.1. Interpretation of WBE current density maps 
The configuration of five Cu electrodes surrounded by forty four Al electrodes 
was intended to simulate five Cu-rich intermetallic particles embedded in an 
aluminium matrix. Having more than one Cu electrode would hopefully simulate the 
heterogeneity of the AA2024-T3 surface as well as the electrochemical behaviour at 
these local sites.  
As mentioned in Section 4.3.2, The MMA software was used to interpret the 
data collected by the MMA instrument. The MMA software allows the electrodes to 
be mapped in a very similar way to the actual WBE. Figure 6.1a shows an optical 
image of the WBE surface whereby each electrode is numbered from 1 to 40. The 
electrodes numbered in a black colour represents Al while the yellow numbers 
represents Cu. The red numbers indicate electrodes that were not connected to the 
MMA instrument due to wiring issues.  
Figure 6.1b shows a typical instantaneous current density map created in the 
MMA view software during an experiment. Each coloured square corresponds to a 
single electrode in the WBE. The black regions represent the epoxy or non-conducting 
areas on the WBE. The blue colour corresponds to net cathodes, red corresponds to 
net anodes and white signifies neutral or zero current density. The more intense the 
red or blue colour, the more positive or more negative the current density is 
respectively. The four blue squares correspond to the four Cu electrodes that were 
connected in the WBE. The fifth Cu electrode (#18) cannot be observed since no 
connection could be found after curing of the epoxy. Similarly the white electrodes in 
this particular case represents zero current density. This indicates that they were not 
connected to the MMA instrument, most likely due to wiring issues. No connection 
was detected for the duration of each experiment. 
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Figure 6.1: The MMA software was used to map the electrodes in a similar appearance to the 
actual WBE. a) The optical microscopy image of the WBE and b) the corresponding current 
density map. Each square represents a single electrode whereby net cathodic sites (blue), net 
anodic sites (red) and zero current density sites (white) can be observed. The stronger intensity 
of blue or red colour corresponds to more cathodic or more anodic current densities 
respectively. The black regions correspond to the regions on the WBE that have no electrodes. 
The white circle in the top left of the optical image is a bubble in the epoxy and not an 
electrode. As stated in Figure 4.3, the Al (black) and Cu (yellow) can be differentiated by the 
orange colour of the Cu and the silver colour of the Al. Electrode #5, #18 and #40-49 were 
inactive (red) possibly due to an internal short circuit. 
Table 6.1 shows the inhibitors and corresponding concentrations which were 
measured using the WBE method. Since Pr(MAcet)3 was the more effective corrosion 
inhibitor compared to Ce(MAcet)3, it was measured to examine whether it could shut 
down local cathodic and anodic corrosion sites as simulated by the WBE. 
Table 6.1: The solutions and concentrations of all the inhibitors measured on the WBE method. 
The concentrations of both inhibitor and NaCl were also included.  
Solution Concentration of inhibitor Concentration of NaCl 
Uninhibited NaCl - 0.1 M 
PrCl3 10-4 M & 10-3 M 0.1 M 
3Na-MAcet 3x10-4 M & 3x10-3 M 0.1 M 
Pr(MAcet)3 10-4 M & 10-3 M 0.1 M 
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6.2.2. Monitoring current density for 24 hour OCP periods with and without 
Pr(MAcet)3 and analysis of the current density maps 
Figure 6.2 shows the current density maps for the WBE after certain immersion 
times with and without the Pr(MAcet)3 inhibitor. These maps were presented to 
illustrate how the net cathodic and anodic sites on the WBE were changing 
particularly in the first few minutes of immersion. It must be noted that the current 
density scale for each map could not be controlled manually and therefore the scales 
between each sample may be different. For example, the electrodes that had the most 
anodic current density (represented by the bright red colour) for the uninhibited NaCl 
sample was not necessarily the same as the electrodes with the highest anodic current 
density for the inhibited samples. Therefore the maps can only give the location of 
anodes and cathodes as well as the approximate current density relative to the other 
electrodes in one measurement.  
Figure 6.2a shows the current density map at 0 seconds after immersing the 
WBE in the uninhibited NaCl solution. Relatively high cathodic current densities were 
detected almost immediately on the Cu electrodes as indicated by the intense dark 
blue colour in the map. Within the following ten seconds, each of the Al electrodes 
showed increasing net anodic activity representing the anodic reaction of Al 
dissolution. This demonstrated that while the net cathodic current densities were 
established almost instantly, it took longer for the anodes to reach their bright red 
colour. This is because there were a greater number of anodes compared to cathodes. 
Remembering that the current density of cathodes were equal to the current density of 
anodes, the anodic current density was only spread out between the numerous anodes 
in the WBE. After 15 minutes, the anodic currents over a number of Al electrodes was 
reduced to almost zero (as indicated by the bright red colour turning to white) while 
the rest remained highly positive as shown by the bright red colour. After 24 hours, 
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the surface was not significantly changed. It was notable that some of the Al major 
anodes appeared to be close to where there were three Cu electrodes acting as net 
cathodes. This observation was found from the majority of experiments. This may be 
an indication that anodic activity was being influenced by the clustering of cathodic 
sites whereby corrosion attack occurred at the most susceptible sites depending on the 
location of anodic and cathodic local sites. No pH change were observed in any 
solution over the duration of the measurement. 
The addition of Pr(MAcet)3 at a concentration of 10-4 M did not significantly 
change the appearance and time dependency of current densities compared to the 
uninhibited NaCl sample. Upon immersion, the Cu electrodes showed relatively high 
cathodic currents almost instantly while the anodic sites were once again slower to 
reach a bright red colour. Similar to the uninhibited NaCl sample, the anodic currents 
densities are spread over a larger number of electrodes compared to the cathodes 
resulting in the delay for the red colour to brighten. By 15 minutes, in addition to the 
Cu wires displaying cathodic currents, a number of Al electrodes had been converted 
to being cathodic in addition to the Cu electrodes. It is also interesting that at 0 
seconds, there were no major anodes in the vicinity the Cu cathodes, such as at 
electrode #32. However, after 10 seconds and beyond, a major Al anode could be 
observed. Although the reasons for this observation are not completely clear, one 
possibility is that strong anodic activity is being driven at a site close to the group of 
Cu cathodes, such as electrode #32 which typically behaved as a major Al electrode 
between repeat experiments. Clearly this low concentration of inhibitor is not 
sufficient to significantly stifle the corrosion processes at these sites. 
On the other hand, when the higher concentration of 10-3 M Pr(MAcet)3 was 
added, significant inhibition was observed and these local corrosion sites appear to be 
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neutralised. Initially, the distribution of net anodes and net cathodes over the WBE 
were similar to the uninhibited NaCl and Pr(MAcet)3 10-4 M experiments. By 10 
seconds of immersion, the Cu electrodes were acting as strong cathodes while there 
appeared to be varied levels of anodic current densities over the Al electrodes. After 
1 minute, the anodic current densities of most Al electrodes continued to be decreased 
and after 15 minutes immersion, there were typically three Al electrodes acting as 
major anodes relative to the rest of the WBE. The remaining Al electrodes are shown 
as shades of light blue, indicative of relatively weak net cathodic current densities 
while the Cu electrodes were still showing relatively high cathodic current densities. 
Beyond 13 hours of immersion, the cathodic current densities measured on the Cu 
electrodes were significantly reduced so that no major cathode was distinguishable 
over the entire WBE surface. The three major anodes present at 15 minutes were still 
present after 24 hours. The current of these electrodes after 15 minutes were 5.7, 4.9 
and 4.6 mA/cm2 while after 24 hours their respective currents were 4.6, 4.9 and 2.0 
mA/cm2. This more closely resembled general corrosion of the entire WBE surface as 
compared to the initially localised mode of corrosion.  
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 Uninhibited NaCl Pr(MAcet)3 10-4 M Pr(MAcet)3 10-3 M 
a) 
   
b) 
   
c) 
   
d) 
   
e) 
   
Figure 6.2: current density maps of the WBE for the Uninhibited NaCl, Pr(MAcet)3 10-4 M and 
Pr(MAcet)3 10-3 M samples. The maps correlate to: a) 0 seconds immediately after pouring the 
solution into the cell b) 10 seconds c) 1 minute d) 15 minutes and e) 24 hours. On the 
Pr(MAcet)3 10-4 M sample at 0 minutes, electrode #32 is indicated as it acted as a major anode 
between repeat experiments. 
6.2.3. Characterisation of the WBE using optical microscopy 
As previously mentioned, a major anode tended to initiate on the Al electrodes 
in close vicinity to the Cu electrodes. To better understand what type of reactions had 
taken place on particular electrodes, characterisation of the WBE surface after each 
experiment was performed with optical microscopy. After the 24 hour immersion 
period, the WBE was taken out of solution, rinsed with deionised water, dried with 
nitrogen gas and subsequently optical images were taken.  
Figure 6.3 shows the optical microscopy images of the WBE surface after each 
experiment. Generally, corrosion product was observed over the Cu electrodes while 
a number of Al electrodes showed either corrosion product or signs of dissolution. 
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Figure 6.3a shows the uninhibited NaCl sample after a 24 hour immersion period. 
Severe Al dissolution was evident on the Al electrodes directly adjacent to Cu 
electrode, an example of which is indicated by the black arrow.  
Figure 6.3b shows the 3Na-MAcet sample at a concentration of 3x10-4 M. A 
large volume of corrosion product and inhibitor film was observed between the same 
Al electrodes (indicated by the black arrow) which was also indicated in the 
uninhibited NaCl sample (Figure 6.3a). In addition, corrosion product (and potentially 
inhibitor films) was observed over the same Al electrodes that were attacked on the 
uninhibited NaCl sample as indicated by the dark colouration over certain electrodes. 
It appears as though certain Al electrodes were attacked depending on their position 
in the WBE relative to the Cu electrodes. The Al electrode in close vicinity to the Cu 
electrodes typically showed evidence of corrosion attack. Optical and electrochemical 
checks were performed and found that crevicing was not taking place over the wires 
that were typically attacked more severely relative to the other electrodes.  Figure 6.3c 
shows the optical image of the 3Na-MAcet sample when the concentration was at the 
higher level of 3x10-3 M. Visually there appeared to be less corrosion product and 
inhibitor deposits were less compared to the 3x10-4 M concentration sample, sites of 
local dissolution was still observed implying a significant level of corrosion still 
occurred (an example is indicated by the black arrow). This suggests inhibition at the 
higher concentration of 3x10-3 M was greater than at the lower concentration of 10-4 
M, however it still failed to significantly stifle corrosion attack. There appeared to be 
a yellow hue over one of the Cu electrodes which was not observed on the uninhibited 
NaCl sample. This yellow hue could indicate the presence of a deposited inhibitor 
film over copper. Apart from these observations, the WBE surface appeared similar 
between both concentrations of Na-MAcet solutions in terms of the location of attack 
and corrosion product. The significantly reduced volume of corrosion product and 
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inhibitor deposits at the concentration of 3x10-3 M suggests an improved inhibition 
with increased concentration.  
Figure 6.3d and e show the samples immersed with PrCl3 at concentrations of 
10-4 M and 10-3 M respectively. At the lower concentration of 10-4 M, corrosion 
product and inhibitor deposits in a ring-like shape can be observed on the epoxy 
surface surrounding one of the Cu electrodes (as indicated by the solid arrow). In 
addition, a large volume of corrosion product and inhibitor deposits were over the 
epoxy in between the Cu electrode and an adjacent Al electrode. As indicated by the 
dotted arrow, corrosion product and heavy inhibitor deposits were also observed 
between the other two Cu electrodes and the adjacent Al electrodes. At the higher 
concentration of 10-3 M (Figure 6.3e), a different type of inhibitor film was found 
which was typically present only over the surface of the Cu electrodes. A dark ring 
could also be observed on the epoxy surrounding each Cu electrode. A number of Al 
electrodes did show evidence of local dissolution however it was only a small portion 
of the surface of each affected Al electrode. The rest of the Al electrodes showed no 
significant deposits. 
Figure 6.3f and g show the optical images of the WBE surface immersed with 
Pr(MAcet)3 at concentrations 10-4 M and 10-3 M respectively. At the lower 
concentration (10-4 M), corrosion product and inhibitor deposits were observed on 
numerous Cu, Al electrodes and even the epoxy surface separating some of the 
electrodes. An example of these deposits on Cu is indicated by the black solid arrow. 
There was a yellow hue observed on the Cu electrodes that did not have significant 
deposits over it, similar to the Na-MAcet 3x10-3 M sample suggesting the presence of 
a deposited film. The shape of the corrosion product and inhibitor deposits actually 
showed some resemblance to the PrCl3 10-4 M sample, whereby, one Cu electrode had 
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a significantly large volume of inhibitor deposits over it while heavy deposits were 
observed over the epoxy surface in between the other two Cu electrodes and the 
adjacent Al electrodes (the heavy deposits is indicated by the dotted arrow). This 
suggests that for this concentration, the mode of corrosion and possible inhibition, 
was similar between these two inhibitors. This would be expected if the compound 
was predominantly dissociated in the solution at these concentrations such that Pr-Cl 
species and the dissociated MAcet ligand were in solution. At the higher concentration 
(10-3 M), there was almost no sign of corrosion products or attack on the WBE surface. 
The appearance of the Cu electrodes suggests the presence of a deposited film when 
compared to the uninhibited NaCl sample. It must also be pointed out that there didn’t 
seem to be any sign of dark deposits on the epoxy surface encircling the Cu electrodes. 
This is in contrast to all other solutions which left behind dark deposits on the epoxy 
surface itself, including the PrCl3 10-3 M solution as shown by the dark halos around 
the Cu electrodes. While it is not known what these dark deposits are, their absence 
on the Pr(MAcet)3 10-3 M surface suggests a more efficient mode of inhibition was 
achieved compared to the other inhibitors.  
After 24 
hours 5x magnification 
a) 
Uninhibited 
NaCl 0.1 M 
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Figure 6.3: Optical microscopy images of the WBE surface after 24 hours of immersion for the 
samples a) uninhibited NaCl, b) 3Na-MAcet 3x10-4 M, c) 3Na-MAcet 3x10-3 M, d) PrCl3 10-4 M, 
e) PrCl3 10-3 M f) Pr(MAcet)3 10-4 M and g) Pr(MAcet)3 10-3 M. The 5x and 20x magnification 
are shown. The yellow box on the 5x magnification shows the location on the WBE that the 20x 
view was taken. The scale bars are all 100 μm. The Cu electrodes are labelled in the 20x view 
while the unlabelled electrodes represent the Al electrodes. 
6.2.4. Characterising the electrochemical behaviour of individual electrodes 
using current density vs time graphs 
While the WBE current density maps and the optical microscopy images 
provided a more qualitative type of information concerning the physical location of 
net anodes and cathodes as well as the deposition of corrosion product and inhibitor 
films, the electrochemical behaviour of each electrode in the WBE, and how it was 
altered with the presence of certain inhibitors in solution, can be analysed more 
quantitatively using current density vs time graphs.  
Figure 6.4a shows the representative current density vs time graph for the 
uninhibited NaCl sample. Each line corresponds to the currents passing through a 
specific electrode in the WBE surface compared to the original zero current value set 
at the start of each experiment. The negative currents corresponds to a net cathodic 
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current passing through the electrode while the positive currents corresponds to the 
electrode being a net anode. The four lines showing significant cathodic currents were 
from the four connected Cu electrodes, reaching a maximum cathodic current density 
of -60 mA/cm2. From 2 hours until the removal of the WBE from solution at 24 hours, 
the current density remained stable at -30 mA/cm2. The rest of the lines showed the 
current density behaviour of the Al electrodes, the majority acting as net anodes.  
The current density vs time graph showed three anodes that had significantly 
more positive current densities compared to the other electrodes (the three lines more 
positive than 20 mA/cm2). These will be referred to as the “major anodes” and the 
major anode with the most positive current density will be referred to as the “dominant 
anode”. Figure 6.4b is an optical image of the WBE surface with the Al electrodes #6, 
7, 11 and 32 circled in red since they commonly acted as major anodes irrespective of 
whether the solution was inhibited or not. The rest of the Al electrodes were typically 
acting as net anodes that showed relatively low current densities relative to the major 
anodes (less than 5mA/cm2). These anodes will be referred to as the “minor anodes”. 
Although the Al electrodes #6 and 7 were relatively far from any Cu electrodes, major 
anodic activity still tended to take place there.  
Occasionally the current densities of the dominant anode would decrease 
significantly while the current density from another major anode would increase and 
take over as the dominant anode. An example of this “switching” effect of the 
dominant anode can be observed on the uninhibited NaCl solution (Figure 6.4a) after 
approximately 15 minutes. This suggests a certain hierarchy between the major 
anodes since the rise or fall in current of one electrode can influence the behaviour of 
the other major anodes. Alternatively, the corrosion product formation on the Cu 
cathodes may change local conditions and therefore switch the most susceptible site 
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for corrosion attack. The latter seems more likely. After 40 minutes, the current 
densities for all electrodes remained relatively constant suggesting a continued and 
unchanging mode of corrosion over the 24 hour immersion period.  
a) 
 
b) 
 
Figure 6.4: a) A representative current density vs time graph for the uninhibited NaCl sample. 
Each line corresponds to an individual electrode in the WBE whereby the lines showing 
negative current densities corresponds to net cathodes while positive current densities are net 
anodes. Minor anodes were electrodes with positive current densities close to zero, major 
anodes were electrodes with significant current densities passing through them and the major 
anode with the most positive current density is referred to as the dominant major anode. b) The 
optical microscopy image of the WBE with the most common major anodes circled with the 
dotted red line. 
Figure 6.5a shows the current densities of the WBE when 3Na-MAcet was 
added at the relatively low concentration of 3x10-4 M. After an initial peak in current 
for both the major anodes and cathodes, the current densities for all electrodes 
remained relatively constant even after 24 hours. This was similar to the uninhibited 
NaCl measurement whereby the currents appeared to remain constant beyond the first 
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40 minutes of immersion. Figure 6.5b shows the graph for the 3Na-MAcet solution at 
a concentration of 3x10-3 M. The number of major anodes were significantly less 
compared to the lower concentration of 3x10-4 M. Considering that the current 
densities of the major cathodes remained approximately the same for both 
experiments, it is more likely that although there was a lower number of major anodes 
in the case of the 3x10-3 M concentration, the current densities for the remaining major 
anodes were higher. For all experiments, the Cu electrodes typically had the most 
cathodic currents, relative to all other electrodes, over the duration of the measurement 
(excluding Pr(MAcet)3 10-3 M). 
Figure 6.5c shows the current density vs time graph for PrCl3 at a concentration 
of 10-4 M. The current densities for all electrodes remained relatively constant with 
time which was similar to both the uninhibited NaCl and 3Na-MAcet 3x10-4 M 
solutions. The main difference with the PrCl3 10-4 M solution was that the currents 
seemed to stabilise within the first 20 minutes of immersion as opposed to the 40 
minutes for the uninhibited NaCl and the 3Na-MAcet 3x10-4 M solutions. Figure 6.5d 
shows the graph for the higher concentration of PrCl3 (10-3 M), and shows that, whilst 
within the first 10 minutes of immersion, the currents for all electrodes behaved almost 
exactly the same as for the lower concentration of 10-4 M, these currents all converged 
towards zero at longer times. It took over 13.6 hours for all current densities to be 
reduced to less than 2.2 mA/cm2. This suggests that at 10-3 M, PrCl3 was able to 
significantly stifle the corrosion reactions occurring over the WBE surface although 
the process was relatively slow. It also suggests that corrosion reactions were not 
completely stopped, only minimised. 
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Figure 6.5: The anodic (positive) and cathodic (negative) current densities flowing through the 
individual electrodes and their behaviour over time. The samples shown are a) 3Na-MAcet 
3x10-4 M. b) 3Na-MAcet 3x10-3 M, c) PrCl3 10-4 M and d) PrCl3 10-3 M. 
Figure 6.6a shows the current density vs time graph when the WBE was 
immersed with Pr(MAcet)3 10-4 M. Generally the behaviour of the electrodes were 
very similar to the uninhibited NaCl solution suggesting that the Pr(MAcet)3 inhibitor 
demonstrated limited inhibition at 10-4 M as discussed above. The switching of the 
dominant major anode was clearly observed lasting between ~38 minutes until 44 
minutes after the start of immersion. Figure 6.6b presents the current density vs time 
graph for the Pr(MAcet)3 10-3 M solution, which demonstrated the effectiveness of 
the Pr(MAcet)3 inhibitor compared to the single inhibitors. There was still an initial 
peak in current density upon immersing the WBE into solution, however, within the 
first 15 minutes of immersion, the current densities of all cathodes and minor anodes 
were rapidly reduced to values less than 5.7 mA/cm2. From 2 hours until 24 hours, 
this value remained consistent at 4.7 mA/cm2 indicating the presence of some anodic 
reactions still occurring at some of the electrodes. The use of the 10-3 M Pr(MAcet)3 
solution (Figure 6.6b) obviously had significant advantages over its corresponding 
single inhibitors, PrCl3 10-3 M or 3Na-MAcet 3x10-3 M. The current densities were 
significantly reduced to current densities below 4.7 mA/cm2 compared to the 3Na-
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MAcet solution (Figure 6.5c) and at a much faster rate than the PrCl3 solution (Figure 
6.5e) which took approximately 13.6 hours after immersion.  
a) 
 
b) 
 
Figure 6.6: The anodic (positive) and cathodic (negative) current densities flowing through the 
individual electrodes as a function of time. The samples shown are a) Pr(MAcet)3 10-4 M and b) 
Pr(MAcet)3 10-3 M. 
Figure 6.7 presents the sum of all anodic currents for all the measured solutions 
using the WBE. The total anodic current densities can provide a better comparison of 
the approximate inhibition afforded by each inhibitor over the whole WBE surface for 
the duration of the immersion measurements. The sum of the current densities are 
similar to icorr values, and are an approximation of the corrosion rate, whereby lower 
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current densities corresponded to reduced corrosion rates. The inhibitor that has the 
greatest impact on reducing these sum current densities from the WBE experiments 
was the most effective inhibitor in limiting corrosion on an Al-Cu WBE model 
surface. The main difference between icorr and the sum anodic current densities is that 
the latter can show the change in relative inhibition with time. It should be noted that 
only the sum of anodic current densities are shown since the overall sum of cathodic 
and anodic current densities should be close to zero. This was confirmed by 
calculating the average current density from the modulus cathodic and modulus 
anodic current densities (not shown). The resulting curves showed very similar current 
densities over time suggesting that the differences between the anodic and cathodic 
curves were insignificant. Differences in the sum anodic and sum cathodic was 
previously observed by Muster et al. 144. It is possible that the differences arise from 
the limited sensitivity of the instrument. 
Figure 6.7a shows the sum anodic current densities for the uninhibited NaCl 
solution and the single inhibitors, PrCl3 (10-4 M and 10-3 M) and 3Na-MAcet (3x10-4 
M and 3x10-3 M). The current densities for the uninhibited NaCl solution had an initial 
peak directly after the start of immersion of the WBE. Over time the current densities 
were reduced and remained relatively constant at approximately 125 mA/cm2, after 
about 105 minutes of immersion. For the solutions containing 3Na-MAcet, the 
differences the concentrations 3x10-4 M and 3x10-3 M were considered to be 
insignificant. In addition, only minor reductions were observed when the current 
densities for the 3Na-MAcet inhibitor were compared to the uninhibited NaCl 
solution. This suggests that 3Na-MAcet only resulted in relatively small reductions in 
overall current density, irrespective of the concentration and thus inhibition. This 
minor reduction in current density is consistent with the average icorr values from the 
polarisation data of Chapter 5 (as shown in Figure 5.6). When PrCl3 10-4 M was added 
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into solution, the corresponding current density was lower than the uninhibited NaCl 
within 20 minutes but higher beyond 20 minutes. The current densities then remained 
constant at just over 150 mA/cm2 after 2 hours. This suggests that the lower 
concentrations of PrCl3 was actually promoting the cathodic and anodic reactions 
compared to the uninhibited solution. In comparison, when PrCl3 was present in 
solution at the higher concentration of 10-3 M, there was a significant reduction in 
current density, continuing to converge towards a zero current density and reaching a 
minimum value of 2.2 mA/cm2 until about 13.6 hours after the start of immersion. 
This demonstrates the effectiveness of PrCl3 as a corrosion inhibitor at least on an Al-
Cu WBE model system. 
Figure 6.7b shows the sum anodic current densities for the uninhibited NaCl and 
the Pr(MAcet)3 solutions at concentrations of 10-4 M and 10-3 M. The sum current 
densities for the solution containing Pr(MAcet)3 10-4 M was shown to be similar in 
current density over time with the uninhibited NaCl solution. In contrast, the sum 
anodic current densities for Pr(MAcet)3 at the higher concentration of 10-3 M, was 
reduced to 4.7 mA/cm2 within 2 hours of immersion. This suggests that when 
Pr(MAcet)3 is present in solution at relatively low concentrations, no significant effect 
on the total anodic current densities could be observed. However, if the concentration 
was sufficiently high, the reductions in current density are significant. Pr(MAcet)3 10-
3 M was clearly a more efficient inhibitor, taking only 2 hours to reduce current 
densities to 4.7 mA/cm2, compared to PrCl3 at the same concentration which took over 
13.6 hours. This difference may be related to the dissimilar film formed by the 
Pr(MAcet)3 inhibitor compared to the film formed by PrCl3.  
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Figure 6.7: Sum anodic and sum cathodic for the uninhibited NaCl (black dotted), Pr(MAcet)3 
10-4 M (solid green) and Pr(MAcet)3 10-3 M (dash-dot red)) measurements. 
6.2.5. Addition of Pr(MAcet)3 into solution after 1 hour immersion in 0.1 M 
NaCl 
In all other experiments performed with inhibitors in this thesis, the inhibitors 
were already present in solution before each sample was immersed. The potential for 
the rare earth-MAcet inhibitors to stifle the initiation of corrosion on AA2024-T3 was 
observed. However it is not known if such effective inhibition can be achieved on 
surfaces where the corrosion process has been well established. Therefore the effect 
of Pr(MAcet)3 on the behaviour of a pre-corroding WBE surface was investigated. 
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The WBE was immersed in an uninhibited NaCl 0.1 M solution for an hour prior to 
the addition of the Pr(MAcet)3 inhibitor. 
Figure 6.8a shows the current density vs time graph for when the WBE surface 
was immersed in a 0.1 M NaCl solution for 1 hour prior to the addition of Pr(MAcet)3 
10-4 M. An initial peak in current density was observed on major anodes and cathodes 
upon the addition of the inhibitor. The peak in current density then subsides and 
reduces back to their original current densities prior to the sudden peak. In addition, 
the minor anodes appeared to be significantly reduced as the corresponding current 
densities converged closer to zero current densities (indicated by the red dotted circle 
in Figure 6.8a and the magnified graph in Figure 6.8b.). This apparent passivation of 
minor anodes was not observed when the 10-4 M Pr(MAcet)3 was present in solution 
from the very start of immersion (as shown in Figure 6.6a).  
Figure 6.8c shows the sum anodic current density vs time graphs where 
Pr(MAcet)3 was added at a concentration of 10-3 M after 1 hour of immersion in a 0.1 
M NaCl solution. Although it was not as obvious but there was also a small peak in 
current density at the point of adding the inhibitor. The current densities for all 
electrodes were reduced similar to the WBE measurement when Pr(MAcet)3 was 
present from the very start of immersion (Figure 6.6b). The reduction of the minor 
anodes can also be observed as indicated by the red dotted circle.  
Figure 6.8d shows the sum of all anodic current densities comparing the effect 
of Pr(MAcet)3 when added after 1 hour at concentrations of 10-4 M and 10-3 M. The 
significant and rapid inhibition provided by Pr(MAcet)3 10-3 M can clearly be 
observed even on a surface that has been immersed in a 0.1 M NaCl solution for 1 
hour. It took almost 30 minutes for current densities to be reduced and reach a plateau 
of approximately 9 mA/cm2 when Pr(MAcet)3 10-3 M was added after 1 hour. This is 
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marginally longer when compared to the solution when Pr(MAcet)3 10-3 M was 
present from the start of immersion which took only 15 minutes to reduce current 
densities to 5.7 mA/cm3, which subsequently was reduced to 4.7 mA/cm2 after 2 hours 
of immersion. This suggests that once corrosion has initiated, it takes some time for 
the inhibitor to re-passivate the surface, nevertheless, the reduction in corrosion 
current densities upon adding the Pr(MAcet)3 inhibitor is dramatic.  
a) 
 
b) 
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Figure 6.8: current density vs time graphs when Pr(MAcet)3 was added after an hour of 
immersion in 0.1 M NaCl. a) The addition of Pr(MAcet)3 at a concentration of 10-4 M, b) 
Magnified view of the drop in the minor anodes when Pr(MAcet)3 was added after an hour c) 
the addition of Pr(MAcet)3 at a concentration of 10-3 M and d) the sum anodic current densities 
for both concentrations of Pr(MAcet)3.  
Figure 6.9a shows the optical image for the sample immersed for 1 hour in 0.1 
M NaCl before the addition of the Pr(MAcet)3 10-4 M. The surface of the WBE 
appeared very similar to the surface immersed in solution containing 10-4 M 
Pr(MAcet)3 from the very start of immersion (Figure 6.3a). Inhibitor deposits were 
observed over the epoxy surface, various Al electrodes and severe dissolution were 
observed on the same Al electrodes as with the other inhibitor solutions. The major 
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difference was the large volume of inhibitor deposits was not present over the Cu 
electrodes. This suggests that the delay in adding the Pr(MAcet)3 10-4 M inhibitor 
disrupted its normal process of deposition and inhibition.  
Figure 6.9b shows the optical microscopy image of the WBE surface immersed 
in 0.1 M NaCl for an hour prior to the addition of Pr(MAcet)3 10-3 M inhibitor. The 
most severe evidence of dissolution was observed in the Al electrode in between two 
Cu electrodes, as indicated by the solid arrow. Inhibitor deposits and corrosion 
product was observed on the Cu electrodes and a number of Al electrodes, although 
the overall corrosion damage in this case appeared to be less severe compared the 
other inhibitors. Since no surface characterisation techniques were employed to 
analyse the WBE surface, discrimination between inhibitor deposits and corrosion 
product could not be made. It is only assumed that both were present. Surface analysis 
of the WBE is intended for future experiments. This further demonstrates the 
inhibition of the Pr(MAcet)3 inhibitor when the concentration present in solution is 
sufficiently high. Since no surface characterisation techniques were employed to 
analyse the WBE surface, discrimination between inhibitor deposits and corrosion 
product could not be made. It is only assumed that both were present. Surface analysis 
of the WBE is intended for future experiments. 
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a) 
 
b) 
 
Figure 6.9: Optical image of the WBE surface after immersion in the solution containing 0.1 M 
NaCl and the a) Pr(MAcet)3 10-4 M and b) Pr(MAcet)3 10-3 M inhibitor added after 1 hour. One 
of the most severely attacked electrodes is indicated by the arrow.  
6.3. Discussions 
6.3.1. Significance of the WBE setup  
In AA2024-T3, the Mg content in S-phase particles can preferentially dissolve 
leaving behind a Cu-rich remnant particle that acts as local cathodes to the 
surrounding alloy matrix 71. In addition to the Cu-rich S-phase remnant particles, the 
other intermetallic particles and potentially replated Cu will typically act as local 
cathodes as well 57, 66, 177. This will result in a surface containing intermetallic particles 
acting as local cathodes to the surrounding Al matrix. The WBE setup used in this 
work attempted to simulate such a system whereby the Cu electrodes were expected 
to act as the local cathodic intermetallic particles surrounded by the Al electrodes 
acting as the AA2024-T3 matrix. The Cu electrodes will act as net cathodes since Cu 
has a more noble potential relative to Al. The absence of any Mg in the WBE means 
that the de-alloying of S-phase cannot be simulated. Therefore the WBE will more 
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closely resemble the surface of AA2024-T3 after all S-phase particles had de-alloyed 
and thus acting as local cathodes. Due to the relatively large surface area of the 
electrodes, local anodes and local cathodes are expected to be present within a single 
electrode, however, these local anodes and cathodes were assumed to be insignificant 
compared to the net current density from each electrode.  
With this in mind, it was observed from the optical microscopy images that 
corrosion product and inhibitor films were typically observed over the Cu electrodes 
for PrCl3 and Pr(MAcet)3 inhibitors while significant dissolution at some of the 
directly adjacent Al electrodes was observed for all solutions. The major anodes 
identified from the current density vs time graphs always seemed to show evidence of 
local dissolution. The fact that relatively severe corrosion was typically observed in 
the same few Al electrodes in the WBE suggests that their positioning with respect to 
the cathodic Cu electrodes were affecting the severity of attack. These observations 
imply that the type of clustering of cathodic sites can be used to identify possible 
initiation sites for major anodes. The clustering of cathodic and anodic sites affecting 
local corrosion behaviour on alloys has been previously reported 79, 150, 178, 179. This 
supports the ability of the WBE system used in this work, to not only simulate the 
electrochemical behaviour of an Al alloy surface containing net cathodic intermetallic 
particles, but also demonstrate the importance of cathodic site clustering in 
understanding the local of a the most susceptible site of corrosion initiation. As 
mentioned earlier, the WBE system used in this work is relatively simple. A more 
complex WBE setup is necessary to more closely simulate the mechanisms of 
clustering on the AA2024-T3 surface but an increase in the WBE complexity will be 
accompanied with a greater degree of difficulty during the construction of that 
particular WBE. For the purposes of understanding the initiation of local corrosion 
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and the effect of Pr(MAcet)3 on such sites, the Al-Cu WBE used in this work fulfilled 
the requirements of the investigation.  
6.3.2. Initiation and movement of active sites on the WBE 
Considering that the same WBE was used in all experiments, the positioning of 
the Al and Cu electrodes with respect to one another remained constant. It is therefore 
of no surprise that the major anodes from each experiment tended to be the same 
electrodes (electrodes # 6, 7, 11 and 32). This was observed in both the optical images 
of the WBE (Figure 6.3) and the current density vs time graphs (Figure 6.4 to Figure 
6.6), as mentioned in Section 6.3.1. This implies that those particular electrodes are 
positioned in the most optimum locations compared to the other electrodes that 
resulted in the highest current density at that site. The close proximity to Cu electrodes 
may explain why the Al electrodes #11 and 32 commonly acted as major anodes. This 
effect is comparable to preferential dissolution of Al directly adjacent to Cu in the 
work of Jorcin et al.139 as well as trenching around Cu-rich S-phase remnants that is 
typically observed on the surface of AA2024-T3 65. In contrast, Al electrodes #6 and 
7 in the WBE used in the current work were relatively far from any Cu electrodes 
which raises questions on why these particular Al electrodes acted as major anodes. 
Although all Al electrodes were net anodes at the beginning of immersion, by 15 
minutes, minor cathodic activity was observed on electrodes directly next to 
electrodes #6 and 7. From the optical images, there were dark deposits on the epoxy 
surrounding some of the electrodes. Jorcin et al. attributed the deposition of dark rings 
as the redistribution of Cu. A crevice had formed at the Al/Cu interface of a model 
couple leading to crevice corrosion of the Cu electrode and the redistribution of Cu 
almost 2 mm away from the Cu electrode 139. The redistribution of Cu on the AA2024-
T3 surface is a well-known phenomenon that can affect corrosion processes 57, 67, 180. 
Crevice corrosion may have also occurred on any of the individual electrodes of the 
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WBE, since it was previously mentioned that checks for crevice corrosion was only 
performed on the electrodes that were typically attacked more severely relative to 
other electrodes. The extent of the crevice corrosion will be investigated in future.  
As previously stated, the major anodes within the WBE were likely at a position 
that made them more vulnerable to corrosion attack compared to the other electrodes. 
In addition, there was also always a single major anode which showed current 
densities that were significantly higher than any other anode (referred to as the 
dominant anode). Such an observation was also reported by Muster et al. within 
artificial seawater droplets deposited on a WBE composing of 500 μm diameter zinc 
electrodes 144. The dominant anode was located at the centre of the droplet which was 
attributed to oxygen being more depleted. Furthermore Battocchi et al. suggested that 
the presence of Cu in a WBE can influence the behaviour of local cathodes and anodes 
181. At longer immersion times, Al oxidation and Cu redistribution were said to be 
major factors that can influence such changes in cathodic and anodic activity 181. This 
suggests that there were at least one mechanism that led to the initiation of major 
anodes: the type of clustering/ proximity of Al electrodes towards cathodic sites 
(predominantly the Cu electrodes). While there was little control in process of Cu 
redistribution, the proximity of anodic and cathodic sites were dependent on the nature 
of the experiment (such as in a droplet or full immersion) and the positioning of the 
Al electrodes with respect to the Cu electrodes. The fact that the dominant anode for 
the majority of experiments tended to be the same electrode on the WBE (#32) 
strongly supports that the proximity or clustering of cathodic intermetallic particles 
influenced which site acted as the dominant anode. 
Once the dominant anode had been established, there were occasions when its 
current density would decrease while the current density of another major anode 
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would simultaneously increase as it took over as the dominant anode. This effect can 
clearly be observed in Figure 6.6a for the Pr(MAcet)3 10-4 M solution. The reduction 
in current density of the dominant anode has previously been attributed to the 
precipitation of corrosion product limiting the amount of current density that can pass 
through it 181, 182. This behaviour suggests that as one site becomes passivated, the 
current will find another site to continue corrosion. The selection of the succeeding 
dominant anode was likely to be the next most susceptible to local corrosion. 
Therefore the location of the succeeding dominant anode was dependent once again 
by the type of cathodic site clustering present around a given major anode. The other 
attack sites may be synonymous to the major anodes and minor anodes depending on 
the severity. 
6.3.3. Inhibition of local cathodes and anodes by PrCl3, 3Na-MAcet and 
Pr(MAcet)3 
A comparison between the uninhibited NaCl and Pr(MAcet)3 10-4 M samples 
showed the lack of inhibition by Pr(MAcet)3 at this low concentration. Severe 
trenching around de-alloyed S-phase was observed on both the uninhibited NaCl 
surface and the surface of the Pr(MAcet)3 10-4 M sample after the removal of the 
surface deposits (Figure 5.17b from Chapter 5). The main difference was that the film 
that had deposited over the Pr(MAcet)3 10-4 M sample contained Pr and S. 
Furthermore, the sum anodic current densities for Pr(MAcet)3 10-4 M were shown to 
almost completely overlap the sum anodic current densities of the uninhibited NaCl 
solution (Figure 6.7b). This suggested that the low concentration of Pr(MAcet)3 (10-4 
M) failed to significantly stifle corrosion reactions on the surface of AA2024-T3 or 
the WBE electrode, despite deposition of a surface film. This contradicts the 
polarisation data in chapter 5 which showed significant cathodic inhibition as well as 
clear reductions in the average icorr relative to the uninhibited NaCl solution (Figure 
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5.5 from Chapter 5). It must be remembered that the WBE used in this work was 
designed to simulate the AA2024-T3 surface after all S-phase particles had 
completely de-alloyed. This suggests that the reduction in the average icorr of AA2024-
T3 by Pr(MAcet)3 10-4 M was likely due to the processes that could not be simulated 
by the WBE, the de-alloying of S-phase particles. Although the SEM/EDS after a 30 
minute immersion showed the Pr(MAcet)3 10-4 M inhibitor had failed to inhibit the S-
phase de-alloying process, the significant cathodic inhibition and reduction in the 
average icorr suggests specific corrosion processes were in fact stifled. An investigation 
of inhibition behaviour of Pr(MAcet)3 10-4 M within 30 minutes of immersion is 
necessary to identify the possible inhibited corrosion processes that contributed to the 
reduction of both cathodic current densities and the average icorr value. This is 
explored in Chapter 7, whereby AA2024-T3 surfaces were analysed as polished and 
after a 16 minute immersion period in the presence and absence of the rare earth-
MAcet inhibitors. 
Reports on the efficient inhibition of other rare earth salts, organic compounds 
and rare earth-organic compounds on AA2024-T3, AA7075 and mild steel were 
typically investigated at concentrations significantly higher than 10-4 M 19, 20, 27, 135. 
While these inhibitors perform well at comparatively higher concentrations, inhibition 
is decreased when the concentration is reduced from 5x10-4 M to 10-4 M. Clear 
examples of this were reported by Hinton et al. with a number of rare earth salts 19. 
Therefore at the concentration of 10-4 M, each of the inhibiotrs could be expected to 
perform poorly. The main reason for experimenting at such low concentrations was 
to more easily differentiate the difference between inhibitors. The work here implies 
that at a concentration of 10-4 M, the Pr(MAcet)3 compound was a less efficient 
inhibitor than either PrCl3 or 3Na-MAcet. 
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While Pr(MAcet)3 was a less effective inhibitor compared to its single inhibitor 
counterparts at 10-4 M, it must be remembered that the efficiencies of these inhibitors 
are not always linear with respect to concentration in solution. When the concentration 
of Pr(MAcet)3 was increased to 10-3 M, the current densities of all electrodes on the 
WBE were reduced to almost 5 mA/cm2 within minutes of exposure, outperforming 
both the PrCl3 10-3 M and 3Na-MAcet 3x10-3 M inhibitors and showing the synergy 
possible when combining separate components into a single inhibitor system. The 
SEM/EDS micrographs from Chapter 5 showed how Pr(MAcet)3 10-3 M can inhibit 
both the de-alloying process of S-phase and subsequent trenching around intermetallic 
particles, while the WBE simulated the highly efficient inhibition of corrosion 
reactions over numerous Cu-rich sites and the Al matrix. In other words, after 
depositing a passive film over S-phase (referred to as the S-phase film in Chapter 5) 
on the AA2024-T3 surface, Pr(MAcet)3 prevented the initiation of trenching by 
efficiently passivating corrosion reactions and shifting the surface to a more general 
mode of corrosion. This supports the proposed mechanism in Chapter 5 that a “general 
film” forms over the alloy matrix and other intermetallic particles in addition to the 
S-phase film. The shift from localised to general corrosion on the WBE has been 
previously observed by Tan et al. 146. The shift to a more general mode of corrosion 
may explain why no trenching around any intermetallic particle was observed when 
AA2024-T3 was immersed for 24 hours in the presence of Pr(MAcet)3 10-3 M.  
It was observed that, out of all the solutions measured on the WBE, only 
Pr(MAcet)3 and PrCl3 (both at 10-3 M) was able to significantly reduce the current 
densities for all electrodes below 6 mA/cm2. The fact that Pr(MAcet)3 10-3 M was able 
to minimise electrode current densities 6 times faster compared to PrCl3 10-3 M 
suggests a higher level of inhibition afforded by the rare earth-MAcet compound. 
During the first 13 ½ hours of immersion in PrCl3 10-3 M, the surface is continuously 
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corroding. Clearly Pr(MAcet)3 10-3 M was a more efficient inhibitor compared to 
PrCl3 10-3 M, which could be an indication of the synergistic inhibition between Pr 
and MAcet. This synergistic inhibition effect has previously been observed for various 
lanthanum cinnamate compounds and cerium salicylate when compared to their 
corresponding single inhibitors 27, 126. The more efficient inhibition on the WBE 
demonstrated by Pr(MAcet)3 (as shown in the current density vs time graphs) is 
attributed to the rapid formation of a passivating general film over the net cathodic Cu 
electrodes and the net anodic Al electrodes. The Cu and Al electrodes on the WBE 
represent the cathodic intermetallic particles and the AA2024-T3 matrix respectively.  
When there was a delay of 1 hour in the addition of the Pr(MAcet)3 inhibitor 
into solution, the behaviour of inhibition was slightly changed. At a concentration of 
10-3 M, Pr(MAcet)3 was able to passivate current densities from all electrodes similar 
to when it had been present in solution from the very start of immersion. However it 
took somewhat longer for the current densities to be reduced to almost zero when the 
addition of Pr(MAcet)3 10-3 M into solution was delayed by an hour. It has been 
proposed by Iannuzzi et al. that the rapid adsorption of monovanadate inhibitor 
species onto AA2024-T3 resulted in the displacement of aggressive species 17. Lopez-
Garrett et al. also proposed molybdate species and O2 molecules competed in terms 
of adsorption onto the AA2024-T3 surface and was dependent on the concentration 
of molybdate in solution 123. The displacement of the inhibitor species of 1,2,3-
benzotriazole by the thiol-containing 2-mercaptobenzothiazole has also been reported 
183, 184. A similar mechanism was proposed for the deposition of the inhibitor film in 
the presence of the Pr(MAcet)3 inhibitor in Chapter 5. When Pr(MAcet)3 is present in 
solution at the start of immersion, the inhibitor species competes with corrosive 
species (such as Cl-) in terms of deposition of a surface film. The carboxyl group in 
the MAcet ligand will be deprotonated under neutral conditions. The increased 
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negative charge at local sites due to the presence of the inhibitor species with O- will 
displace the Cl- ions. In contrast, when Pr(MAcet)3 is added after 1 hour of immersion, 
numerous pits would have been well established as well as inhibitor films deposited 
at cathodic sites. This sites will be highly acidic (as low as pH 3 76) and have high 
concentrations of Cl- ions. The high concentration of Cl- ions within the pit would 
have been significantly greater than the initial concentration of 0.1 M since the 
dissolved Al+3 would attract more Cl- ions to balance the charges 37. The Pr(MAcet)3 
inhibitor would therefore require higher concentrations or longer times in order to 
displace the high concentration of Cl- ions and to effectively reduce current densities.  
6.4. Conclusions 
The experiments performed with the WBE in its current state was considered to 
be in its preliminary stages and thus associated with a number of limitations as an 
experimental method. This included the inability to model the AA2024-T3 more 
closely since only Cu and Al electrodes were present.  However, it did provide an 
insight on the Pr(MAcet)3 inhibitor significantly reducing local corrosion attack and 
converting it to a more general mode of corrosion when it was present in solution at 
the sufficiently high concentration of 10-3 M. Furthermore, synergistic inhibition was 
observed for Pr(MAcet)3 10-3 M since it was able to reduce the anodic current densities 
6 times faster than PrCl3 at the same concentration of 10-3 M. 
The WBE demonstrated that the location of the major cathodes may influence 
the location in which the major anodes were likely to initiate. This potentially could 
be similar to the surface of AA2024-T3 whereby corrosion inhibition may be 
occurring at sites that were most susceptible under certain conditions. Obviously a 
more complex WBE system, containing the typical phases within AA2024-T3, would 
be required to more accurately simulate the corrosion behaviour of the alloy. 
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Nonetheless, the WBE used in this work revealed the possibility to model the 
electrochemical activity at least for the surface of an aluminium-copper alloy.  
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Chapter 7 - The effect of intermetallic clustering on 
corrosion initiation and inhibition in the presence and 
absence of rare earth-MAcet compounds 
7.1. Introduction 
It has been shown in literature that corrosion attack on the surface of AA2024-
T3 was more severe at sites containing clusters of intermetallic particles 79, 150, 178. 
From the WBE data in Section 6.2.4 of Chapter 6, the location of the major anodes 
appeared to be dependent on the location of the pure Cu electrodes with respect to the 
surrounding pure Al electrodes. Even SEM/EDS secondary electron micrographs 
(such as Figure 5.10 in Section 5.3.1 of Chapter 5), showed the presence of a few 
severely attacked sites relative to the rest of the sites on the alloy surface. This 
suggests that the clustering of intermetallic particles significantly influences the 
corrosion behaviour of local sites on the surface of AA2024-T3. The exact nature of 
corrosion initiation at these sites is still not well understood, but it has been proposed 
that it involves coupling of cathodic intermetallic particles to S-phase and the matrix 
(particularly the grain boundaries) facilitating more aggressive attack of these sites 
and local Cu-enrichment which drives the local anode through the surface causing 
subsurface grain boundary attack at the most susceptible sites. In addition, it can be 
assumed that such clustering of intermetallic particles can also affect the level of local 
inhibition of the rare earth-MAcet inhibitors. To understand the effect of the rare 
earth-MAcet inhibitors on the local corrosion attack at clustered sites, an 
understanding of corrosion at such sites without the presence of any inhibitors must 
first be established. 
Therefore this chapter has two main objectives: 
x To further investigate the influence of specific intermetallic compositions and 
clustering on the initiation of local corrosion attack.  
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x To study the effect that the rare earth-MAcet compounds have on corrosion 
initiation.  
To achieve these objectives electron probe microanalysis (EPMA) has been 
used to determine compositions and spatial statistics of intermetallic particles in 
AA2024-T3 before and after a 16 minute immersion period. Moreover, in a 
complication to the analysis of intermetallic particle compositions in AA2024-T3, 
compositional domains were found within intermetallic particles. This means 
individual particles may or may not be electrochemically and compositionally 
heterogeneous. A single particle may contain 2 or more different compositions. To 
limit confusion, these different compositions will be referred to as intermetallic 
“domains” in the current and subsequent chapters of this thesis. Figure 7.1 shows an 
example of a single intermetallic particle containing two different domains, 
distinguishable by the red and blue colour.  
 
Figure 7.1: An example of a single intermetallic particle containing two different domains. One 
composition is coloured in blue while the second composition is coloured in red. The scale bar is 
10 μm. 
This chapter has been divided into two parts. Part I examines the influence of 
clustering on corrosion and corrosion inhibition of the rare earth-MAcet inhibitors, 
from the perspective of average statistics over the entire samples maps. This section 
aims to determine any patterns or trends between the different domains which is linked 
to the corrosion susceptibility of local sites. In part II the statistics of the most heavily 
attacked sites are examined in detail to look for, not only common features, which 
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may serve to identify attack sites, but also what is not common to the attack sites in 
order to identify where further research is required.  
In a sense this approach can be seen as breaking down the work into a “top-
down (average statistics)” approach versus a “bottom-up (site specific statistics)” 
corresponding to Part I and Part II respectively. The objective of the different parts 
within this chapter is to determine which would be the more beneficial tool to examine 
the effects of clustering on corrosion initiation and inhibition. EPMA is one of the few 
techniques that can provide statistical information for determining which types of 
intermetallic domains promote/limit corrosion at a particular site. 
7.2. EPMA analysis: part I – Average statistics of intermetallic domain 
clustering and the effect of the rare earth-MAcet inhibitors 
7.2.1. Analysis of intermetallic domains using bi-elemental scatter plots 
The identification of different intermetallic domains as well as the effect of the 
16 minute immersion period can be analysed with the bi-elemental scatter plots. The 
scatter plots correlate directly to the x-ray datasets and show the concentration (as a 
k-ratio) of elemental compositions for every pixel in a given map. The large amount 
of data gathered using the WDS and EDS detectors of the EPMA is referred to as the 
hyperspectral dataset. The k-ratio (approximate concentration) for one element was 
plotted against a second element. The k-ratios provide a first-order approximation to 
the concentration of elements in the specimen. The k-ratio of each element is 
calculated by the following relationship (Equation 1):  
k-ratio ൌ ܥ଴ሺ ூூబሻ  Equation 1 
where C0 is the concentration, measured in weight percent, of the elements of 
interest in a standard of known compositions, I is the x-ray intensity of a characteristic 
x-ray line of the element of interest, measured from the standard of known 
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composition. The x-ray intensities (I and I0) are corrected for measurement time and 
beam current variation, and are measured in c/s/nA. . The composition will also have 
some level of variance. Intermetallic domains with similar compositions will form 
groups in the bi-elemental scatter plots where each point in the scatter plots represents 
the composition of a pixel on the corresponding map. The position of a data point 
within a scatter plot itself has no correlation to its corresponding location on the 
sampled map since it just reflects the composition. However, all data points in a scatter 
plot can be related back to the map through the hyperspectral data set. From the scatter 
plots four different intermetallic compositions were identified as reported later in this 
work. Using these compositions, maps were generated to determine their location.  
Because the different intermetallic domains may have similar compositions for 
some elements (for example a number have similar Al content) then other scatter plots 
need to be examined to ensure that the composition is unique. As an example, the Cu-
Fe scatter plot from the as-polished surface of the sample prior to exposure to NaCl is 
presented in the centre of Figure 7.2. The different intermetallic domain compositions 
can be observed as well as their respective average spectra. It is from these spectra 
that the average compositions were calculated. Type 2 is circled in blue, S-phase in 
green, Type 5 in red and Type 6 in violet. From the density and shape of the points, 
each domain type was identified. The Type 6 group can be seen mixed with other 
groups therefore it was identified using the Al-Si scatter plot as described below in 
the next section.  
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Figure 7.2: The Cu-Fe scatter plot showing which clusters of pixels corresponded to specific 
intermetallic composition. This scatter plot was taken from the NaCl sample before immersion 
(as polished). Type 2 is circled in blue, S-phase is circled in green, Type 5 is highlighted in blue 
and Type 6 is circled in violet. The corresponding average spectra of each intermetallic domain 
are shown. 
 
Table 7.1: Details about the different intermetallic domains identified in the AA2024-T3 batch 
used in this work. 
Domain 
Composition (at%) 
Al Cu Fe Mn Si Mg Notes 
Type 2 76.2±1.2 5.6±0.5 7.3±0.4 5.2±0.0 5.8±0.0 - AlCuFeMn, High Si 
S-phase 65.1±2.5 16.7±0.8 - - - 18.1±1.7 ‘S-phase’ AlCuMg 
Type 5 79.3±0.4 12.6±0.6 4.9±0.5 2.2±0.3 <0.4±0.2 0.7±0.4 AlCuFeMnSiMg 
Type 6 48.9±17.9 0.4±0.2 0.4±0.8 0.2±0.2 17.9±8.0 32.2±14.6 ‘Q-phase’ and  Mg2Si 
 
Compositions were determined from the average spectra. A detailed 
classification of intermetallic compositions was recently reported by Hughes et al.59 
for several batches of AA2024-T3. Using a built in function in the EPMA software, 
the spectra from all pixels within a given range of compositions are summed and then 
filtered, least-squares-fit to standards to identify the different intermetallic 
compositions. It was found that each intermetallic type had a certain variation in its 
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composition. Thus a region is selected in the scatter plots to represent a given 
composition 81. Using the same classification system, only Type 2, Type 3 (S-phase), 
Type 5 and Type 6 were identified in Table 7.1 for the alloy used in the current work 
(batch 7 from previous study). Type 1, θ-phase and Type 7 were not present. The 
compositions of the intermetallic domains reported in this study are very close to those 
reported previously as might be expected given that the specimens in both studies are 
from the same alloy batch. Table 7.2 shows the number of domains that were 
identified from the maps of each sample. A total of 7119 compositional domains was 
analysed from all three samples.  
Table 7.2: The number of intermetallic domains for the NaCl 0.1 M, Ce(MAcet)3 10-4 M and 
Pr(MAcet)3 10-4 M samples. These values correspond to the surface before immersion. It should 
be noted that the number of particles on the Pr(MAcet)3 sample was significantly less compared 
to the NaCl and Ce(MAcet)3 samples.  
Sample NaCl 0.1 M Ce(MAcet)3 10-4 M Pr(MAcet)3 10-4 M 
Type 2 511 523 345 
S-phase 597 610 487 
Type 5 1251 1274 888 
Type 6 218 205 210 
Total 2577 2612 1930 
 
7.2.2. Corrosion in 0.1 M NaCl solution 
After 16 minutes exposure to 0.1M NaCl there was evidence of corrosion on the 
surface. For the sample exposed only to NaCl solution the corrosion was typified by 
corrosion rings around a number of sites, an example of which is indicated by the red 
arrows in Figure 7.3a and b. An enlarged micrograph of these corrosion rings was 
presented in Chapter 5, Figure 5.10. In the case of the inhibited electrolytes there was 
local, heavy oxide deposition around a small number of sites as seen in the oxygen 
maps (Figure 7.3d and f).  
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Figure 7.3: Backscattered electron micrographs for a) NaCl, c) Ce(MAcet)3 and the e) 
Pr(MAcet)3 samples. The oxygen concentration maps are also shown for the b) NaCl, d) 
Ce(MAcet)3 and the f) Pr(MAcet)3 samples after immersion (16 minutes). It should be noted 
that the number of particles in the Pr(MAcet)3 sample was less than that of the NaCl or 
Ce(MAcet)3 samples, as shown in Table 7.2. An example of the corrosion rings on the 
uninhibited NaCl sample is indicated by the red arrows. 
Figure 7.4 displays the scatter plots from the NaCl sample before and after a 16 
minute immersion in 0.1 M NaCl. The Mg-Cu scatter plot which was used to identify 
S-phase (circled in green). The group for the matrix and the other intermetallic domain 
compositions are also indicated. Type 6 is the group with low Cu and varied Mg 
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content, as indicated by the violet circle. For completeness, Figure 7.4c and d shows 
the Cu-Fe plot before and after immersion respectively. Figure 7.4e and f are the Al-
Si scatter plots before and after immersion respectively. The Al-Si scatter plot was 
used to identify the Type 2 intermetallic domains as circled in blue. After immersion, 
the group corresponding to S-phase in the Mg-Cu scatter plot showed the most 
significant change in composition (Figure 7.4b). There was a relatively large reduction 
in Mg content and a minor increase in Cu. After immersion the S-phase group in the 
Cu-Fe plot (Figure 7.4d) showed an increase in Cu (indicated by the green circle) 
reflecting the increase in Cu content already noted for the Mg-Cu plot (Figure 7.4a). 
Other intermetallic domains showed little to no change after immersion (Figure 7.4c-
f). In the Al-Si plot (Figure 7.4e and f), the Al content of the S-phase was reduced 
after immersion which is consistent with the preferential de-alloying of aluminium 
from S-phase 70. Also in the Al-Si scatter plot, a significant number of points 
corresponding to Type 6 domains increased in Al content. The reason for the increase 
is not fully understood but it might be due to the formation of an aluminium oxide 
film over specific sites or dissolution of Mg2Si which would lead to an increase in Al 
since the remaining particles are Type 6 domains. 
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Figure 7.4: Scatter plots for the uninhibited NaCl sample. a) Mg-Cu plot before immersion, b) 
Mg-Cu plot after immersion. c) Cu-Fe plot before immersion, d) Cu-Fe plot after immersion. e) 
Al-Si plot before immersion and f) Al-Si plot after immersion. The same area was examined 
before and after immersion. The clusters that become increasingly grey in colour suggests that 
the density of data points in that region is exceedingly higher than what can be visibly be 
displayed. 
Figure 7.5 compares the average spectra for each intermetallic domain 
composition before and after the 16 minute immersion for the NaCl sample. For 
comparison purposes, the average spectra before immersion shown in Figure 7.2 were 
also presented in Figure 7.5. The average spectra represent averages over several 
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hundred intermetallic domains since they come from all the intermetallic domains for 
each type in Table 7.2. Each intermetallic domain type generally has around 100,000 
spectra contributing to the average. From the corresponding scatter plots in Figure 7.4, 
the most significantly changed composition after immersion was for S-phase with a 
reduction in Mg and Al counts and an increase in O counts was observed on S-phase 
as would be expected on de-alloying. It should be noted that this occurs, without 
exception, for all 597 intermetallic S-phase domains observed on the uninhibited NaCl 
map (the number of domains for each intermetallic type is shown in Table 7.2). This 
was observed from the Mg-Cu-scatter plot whereby all data points in the S-phase 
region before immersion undergo a reduction in Mg content after immersion. Other 
intermetallic domains showed some minor changes. Type 6 (Figure 7.5h) showed an 
increase in both O and Mg counts after immersion. This suggests that some corrosion 
or oxide deposition occurred on both Type 5 and 6 compositions.  
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Figure 7.5: Average spectra for each of the intermetallic domains present in the NaCl sample 
The domains a) Type 2 before immersion, b) Type 2 after immersion, c) S-phase before 
immersion, d) S-phase after immersion, e) Type 5 before immersion, f) Type 5 after immersion, 
g) Type 6 before immersion and h) Type 6 after immersion. 
7.2.3. Inhibitor deposition on each intermetallic domain and the alloy matrix 
Figure 7.6 shows the S-rare earth scatter plots. The S-Ce scatter plot indicates 
that the surface deposits have a range of mixed compositions including sites with a 
range of Ce concentrations, but little S, a mixture of S and Ce and some point with 
 The effect of intermetallic clustering on corrosion initiation and inhibition in the presence and absence of rare earth-MAcet 
compounds 
  P a g e  | 151 
only S (Figure 7.6a). The S-Pr scatter plot indicates that the surface deposits have a 
range of mixed compositions including sites with a range of Pr concentrations, but 
little S, a mixture of S and Pr and some point with only S (Figure 7.6b). 
 
Figure 7.6: a) The S-Ce scatter plot and the b) S-Pr scatter plot. Different clusters can be 
observed, namely. The S-rich, rare earth-rich and the rare earth with S clusters. It appears as 
the rare earth and sulfur had deposited over all pixels in the map since there are no observable 
data points at 0, 0 of the scatter plots. 
Figure 7.7 shows intermetallic domain maps, backscattered electron 
micrographs and the oxygen concentration maps for sites from the 10-4 M Ce(MAcet)3 
sample. Comparing the intermetallic domain maps before and after immersion (Figure 
7.7a and b), it can clearly be seen that several S-phase domains (green) were present 
before immersion. After immersion, these sites were covered with oxides (as shown 
in the oxygen concentration map in Figure 7.7c) containing both Ce and S in a range 
of compositions that do not match their stoichiometry in the inhibitor (S/Ce = 3). This 
is further demonstrated by the presence of Ce-rich and S-rich sites being situated at 
different sites over the affected intermetallic domains. Ce oxides appeared to deposit 
over the general surface of the affected intermetallic domains. The deposition after 
only 16 minutes shows that it occurs much earlier than the 30 minute immersion 
reported previously 185 suggesting the intermetallic domains are active from an early 
time. Sulfur was only detected in a select few sites. This could be due to the immersion 
(a)
Ce-rich
S-rich 
Ce and S
(b)
Pr-rich
Pr and S
S-rich 
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time being too short for sulfur species to adsorb onto the alloy surface. This effect will 
be investigated further in future. 
 
Figure 7.7: EPMA data of the Ce(MAcet)3 10-4 M sample. a) Intermetallic domain map before 
immersion showing domains with different colours depending on the composition (blue- Type 2, 
green – S-phase, red – Type 5 and yellow – Type 6). b) Intermetallic domain map after the 16 
minute immersion showing the change in composition of some sites. c) The oxygen 
concentration map after the 16 minute immersion. d) Backscattered electron micrograph after 
the 16 minute immersion showing the presence of corrosion product and inhibitor deposits over 
a number of intermetallic domains. 
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Figure 7.8 shows the intermetallic domain maps, backscattered electron 
micrographs and the oxygen concentration maps for sites from the Pr(MAcet)3 10-4 M 
sample. The Pr(MAcet)3 inhibitor displayed similar behaviour to the Ce(MAcet)3 
inhibitor in terms of the deposition of Pr and S onto S-phase remnants, at lower levels 
on other intermetallic domains as well as very low levels on the matrix. The 
disappearance of parts of the large S-phase domain in the intermetallic domain map 
after 16 minutes (Figure 7.8b) signified that the composition was changed after 
immersion. This was attributed to S-phase de-alloying and the development of a thick 
oxide layer. Once again, the Pr-rich sites were not always at the same site as the S-
rich sites.  
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Figure 7.8: EPMA data of the Pr(MAcet)3 10-4 M sample. a) Intermetallic domain map before 
immersion showing domains with different colours depending on the composition (blue- Type 2, 
green – S-phase, red – Type 5 and yellow – Type 6). b) Intermetallic domain map after the 16 
minute immersion showing the change in composition of some sites. c) The oxygen 
concentration map after the 16 minute immersion. d) Backscattered electron micrograph after 
the 16 minute immersion showing the presence of corrosion product and inhibitor deposits over 
a number of intermetallic domains. 
Clearly the S-phase is where most of the changes occurs after 16 minutes 
immersion as indicated by the Mg-Cu scatter plots in Figure 7.9 and Figure 7.10 
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before (a) and after (b) immersion in 0.1 M NaCl solutions containing either 10-4 M 
Ce(MAcet)3 or 10-4 M Pr(MAcet)3 respectively. These scatter plots show the 
effectiveness of the inhibitors in suppressing S-phase dissolution compared to the 
NaCl sample (The NaCl sample shown in Figure 7.4b). This indicates that both 
inhibitors significantly reduce the de-alloying process of S-phase. However, the 
inhibition provided by Ce(MAcet)3 inhibitor does not completely inhibit de-alloying 
since there was a significant number of points observed in the Mg-Cu plot that had 
shifted towards the Cu-enrichment region (indicated by the black arrow in Figure 
7.9b). For the Pr(MAcet)3 sample after immersion (Figure 7.10b), the number of S-
phase intermetallic domains that had undergone de-alloying was smaller than the 
Ce(MAcet)3 inhibitor but this is consistent with the lower number of S-phase particles. 
Figure 7.9 and Figure 7.10 also show the corresponding average spectra for all 
S-phase domains. Ce and Pr were detected on S-phase domains in their respective 
samples consistent with the findings in Figure 7.7 and Figure 7.8. Additionally, there 
was an increase in O content suggesting the deposition of Ce or Pr species as 
derivative complexes, and/or oxides and hydroxides. The S concentrations for both 
the Ce(MAcet)3 and Pr(MAcet)3 samples were generally localised and associated with 
Cu-enrichment as seen in the spectrum from the Cu-enriched regions indicating 
deposition on the active corrosion sites (as observed in Figure 7.7a and Figure 7.8a 
respectively). The large variation in the S to rare earth ratio in the inhibitor film 
suggests that the rare earth and the MAcet ligand behave largely independently during 
the inhibition process. This however, does not eliminate the possibility of a rare earth-
MAcet complex providing synergistic inhibition. Furthermore, it appeared as though 
both Ce(MAcet)3 and Pr(MAcet)3 required corrosion process to proceed before they 
become active inhibitors.  
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The increase in Al content of a large portion of points for Type 6 in the Al-Si 
plot was observed for the NaCl, Ce(MAcet)3 and the Pr(MAcet)3 sample (as shown in 
Figure 7.4f). Since such an effect was observed for all samples (both with and without 
inhibitors), it is perhaps an indication of a process that is not affected by either the 
Ce(MAcet)3 or Pr(MAcet)3. This increase may be due to the dissolution of Mg2Si from 
this group which would effectively increase the Al content. Mg2Si readily undergoes 
dissolution in chloride electrolytes 63. 
 
Figure 7.9: a) The Mg-Cu scatter plot before immersion and b) the corresponding average 
spectra. c) The Mg-Cu scatter plot after immersion and d) the corresponding average spectra 
for S-phase domains present on the Ce(MAcet)3 sample. The arrow shows data points which 
were initially S-phase domains but had dealloyed into Cu-rich domains due to the preferential 
dissolution of Mg and Al.  
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Figure 7.10: a) The Mg-Cu scatter plot before immersion and b) the corresponding average 
spectra. c) The Mg-Cu scatter plot after immersion and d) the corresponding average spectra 
for S-phase domains present on the Pr(MAcet)3 sample. The arrow shows number of S-phase 
data points that had undergone dealloying was less compared to the Ce(MAcet)3 sample. 
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Table 7.3: Quantitative concentrations (at%) calculated from the average spectra for each 
intermetallic domain. The concentration of Mg, O, Ce and Pr are shown for each sample before 
and after the 16 minute immersion period. 
Sample Time (mins) Domain 
Mg 
(at%) 
O 
(at%) 
Ce 
(at%) 
Pr 
(at%) 
Uninhibited 
NaCl 
0.1 M 
0 
Type 2 0.117 ± 0.005 - - - 
S-phase 22.16 ± 0.076 2.080 ± 0.005 - - 
Type 5 0.544 ± 0.018 - - - 
Type 6 20.56 ± 0.124 4.880 ± 0.140 - - 
Matrix 1.330 ± 0.003 0.580 ± 0.002 - - 
16 
Type 2 0.114 ± 0.005 - - - 
S-phase 5.400 ± 0.038 37.89 ± 0.083 - - 
Type 5 0.412 ± 0.017 11.35 ± 0.063 - - 
Type 6 14.89 ± 0.131 9.930 ± 0.236 - - 
Matrix 1.310 ± 0.003 1.450 ± 0.003 - - 
Ce(MAcet)3 
10-4 M 
 
NaCl 
0.1 M 
0 
Type 2 0.111 ± 0.005 - - - 
S-phase 22.29 ± 0.08 1.990 ± 0.030 - - 
Type 5 0.560 ± 0.015 - - - 
Type 6 17.38 ± 0.131 3.230 ± 0.165 - - 
Matrix 1.330 ± 0.003 0.577 ± 0.003 - - 
16 
Type 2 0.107 ± 0.005 - 0.024 ± 0.006 - 
S-phase 20.88 ± 0.073 5.840 ± 0.040 0.464 ± 0.009 - 
Type 5 0.498 ± 0.015 0.989 ± 0.017 0.116 ± 0.008 - 
Type 6 14.88 ± 0.131 6.100 ± 0.211 0.038 ± 0.024 - 
Matrix 1.320 ± 0.003 1.070 ± 0.003 0.005 ± 0.001 - 
Pr(MAcet)3 
10-4 M 
 
NaCl 
0.1 M 
0 
Type 2 0.158 ± 0.008 - - - 
S-phase 22.03 ± 0.080 2.220 ± 0.036 - - 
Type 5 0.540 ± 0.018 - - - 
Type 6 6.890 ± 0.073 2.050 ± 0.143 - - 
Matrix 1.330 ± 0.003 0.566 ± 0.003 - - 
16 
Type 2 0.136 ± 0.007 - - 0.025 ± 0.007 
S-phase 19.47 ± 0.071 8.880 ± 0.048 - 0.614 ± 0.010 
Type 5 0.505 ± 0.017 0.689 ± 0.016 - 0.089 ± 0.009 
Type 6 14.58 ± 0.129 5.930 ± 0.206 - 0.009 ± 0.006 
Matrix 1.320 ± 0.003 0.954 ± 0.003 - 0.001 ± 0.001 
 
The preferential dissolution of Mg and Al from S-phase led to the significant 
reduction in both the Mg and Al content after immersion. As an example, Figure 7.12a 
shows the concentration of Mg on S-phase domains for each sample in order to 
compare the level of Mg dissolution in the presence of either Ce(MAcet)3 or 
Pr(MAcet)3 inhibitors. Before immersion (0 minutes), each sample had approximately 
16 at% Mg. After immersion, the Mg content of S-phase for the NaCl sample was 
reduced by around 75% to ~4 at%. In contrast, the reduction in Mg content for the 
Ce(MAcet)3 and Pr(MAcet)3 samples was between 1-2 at%. A similar trend was 
observed for Al (not shown) whereby a reduction of approximately 50 at% Al was 
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observed on the NaCl sample but reduced by only 1-2 at% when either Ce(MAcet)3 
or Pr(MAcet)3 was present in solution.  
The deposition of rare earth ions was observed on all intermetallic domain types 
as shown in Table 7.3. The presence of rare earths (Ce or Pr) at all these sites as well 
as the alloy matrix suggests that all intermetallic domains have some level of activity. 
While the levels of the rare earth are small, their presence is confirmed in the average 
spectra in Figure 7.11. The presence of rare earth ions on all intermetallic domain 
types was also observed in Figure 7.12b. The concentration of rare earth on the 
intermetallic domain by type was similar for both inhibitors. The order of activity 
(highest concentration of rare earth) from most active to least active sites for 
Ce(MAcet)3 was S-phase, followed by Type 5, Type 6 and Type 2. For Pr(MAcet)3 
the order was S-phase, Type 5, Type 2 and Type 6.  
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a) 
 
b) 
 
Figure 7.11: EDS spectra for Type 2, Type 5, Type 6, S-phase and Cu-rich phase showing the 
presence of a) Ce on the Ce(MAcet)3 sample and b) Pr on the Pr(MAcet)3 sample after 
immersion. The Cu-rich phase are the S-phase domains that have dealloyed. 
The oxygen levels indicate the presence of either oxide growth or inhibitor film 
in the form of oxides or hydroxides (Figure 7.12c). For sites which contained rare 
earths, the oxide may be a protective layer that stifles the oxygen reduction reaction. 
The oxygen levels on Type 2 domains are consistent with the limited change in the 
scatter plots after immersion. S-phase showed the highest levels of O (18 at%) on the 
NaCl sample. On the inhibited samples there were only small increase in O levels for 
S-phase, with highest level at 4 at% for the Pr(MAcet)3 sample. O concentrations 
increased on Type 5 and Type 6 domains for both inhibitors after immersion with 
Type 6 having around 10 times the O level of Type 5 although significantly lower 
levels of rare earth. There was a smaller increase in oxygen levels for Type 5 domains 
in the presence of either the Ce(MAcet)3 or Pr(MAcet)3 compared to the NaCl sample. 
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a) 
 
b) 
 
c) 
 
Figure 7.12: Quantification data calculated from the average spectra. a) The Mg concentration 
(at%) on S-phase before and after immersion for each sample. b) the rare earth concentration 
(at%) for each intermetallic domain and over the matrix after the 16 minute immersion for the 
Ce(MAcet)3 and Pr(MAcet)3 samples. c) the oxygen concentration (at%) for each intermetallic 
domain type for each sample before and after immersion. 
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7.2.4. Pair correlation analysis 
The presence of oxides containing rare earths on S-phase, Type 5 and Type 6 
suggests that corrosion reactions occurred mainly on these domains. Furthermore, 
examination of the elemental maps for each sample before and after immersion, 
particularly the oxygen intensity maps, revealed two main modes of attack on the 
alloy. The first of which was attack on isolated particles which occasionally showed 
more severe corrosion attack. The second mode was severe attack on clusters of 
particles. This was typified by corrosion rings in the NaCl case and local, heavy oxide 
deposition when the rare earth inhibitors were present. An example of attack on a 
clustered site is shown in the backscattered electron images before and after 
immersion in Figure 7.7 and Figure 7.6. In the case of NaCl, these two modes of attack 
were consistent with previous work and the observations of Liao et al. and Boag et al. 
79, 150, 185. 
In order to analyse the clustering between S-phase and other intermetallic 
domains, pair correlation functions (g(r)) were constructed from each micrograph 
prior to the electrolyte exposure (Figure 7.13). The focus on the intermetallic domains 
surrounding S-phase domains arises because S-phase was where the majority of 
corrosion attack was observed, as illustrated in the scatter plots and average spectra 
in Figure 7.4, Figure 7.5, Figure 7.9 and Figure 7.10. It should be remembered that 
the observations in the following sections are based on the maps used for the analysis. 
As observed by Hughes et al. 81, these the characteristics and thus the corrosion 
behaviour may vary from region to region.  
From Figure 7.13, the g(r) of S-phase domains with themselves showed three 
distinct peaks within 10 μm. The separation of these peaks in g(r) were the same for 
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all three samples prior to corrosion, suggesting that these peaks are real and not just 
fluctuations in the data.  
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a) 
 
b) 
 
c) 
2  
Figure 7.13: a) Pair correlation vs the distance from a given S-phase domain for the polished 
surface of the sample used for the NaCl exposure sample. The same trends were observed for 
the samples used for the 0.1M NaCl + rare earth-MAcet 10-4 M exposures (not shown). Each 
curve correlates to the distance between S-phase and type 2 (blue dotted), S-phase and S-phase 
(red), S-phase and type 5 (green dashed) and S-phase with type 6 (purple dot dashed line). b) S-
phase cluster from Figure 7.7, showing possible contributions to the peaks in the S-phase g(r). 
c) The pair correlation vs distance graph showing only S-phase from the samples: NaCl (black 
thick line), Ce(MAcet)3 (purple dashed line) and Pr(MAcet)3 (green thin line). 
The three peaks in the S-phase to S-phase g(r) are likely to arise from the local 
structure. They can be understood from Figure 7.14. Fluctuations in g(r) can arise 
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from both sampling effects and structural relationships. At small scales g(r) is more 
likely to reflect the local clustering. Thus from Figure 7.13, local clustering will have 
contributions from domains within particles as well as from clustered particles. In the 
case of S-phase, both domains and particles tend to be large and well defined and the 
S-phase cluster from Figure 7.3 is taken as an example. The average diameter for S-
phase domains from all samples was 7.6 ± 5.2 μm and separation r1 and r5 are of a 
similar magnitude (although the particles themselves are smaller). The lateral extent 
of the particles means that another S-phase cannot be within its physical boundary 
hence there will be a low value of g(r) corresponding to the exclusion zone but g(r) 
will have larger values beyond the exclusion zone. The distances represented by r2 to 
r4 are larger, but for r2 the two particles are separated by an intervening particle. The 
intervening particles represents a region where the centroid from another S-phase 
particle cannot exist (it is already counted in r1) thus will give rise to a second peak. 
So one consequence of these types of clusters is that there are likely to be peaks in the 
g(r) simply due to the exclusion of certain separation distances based on particle size. 
Hence the peaks in the S-phase g(r) (Figure 7.13) reflect nearest, next nearest and 
perhaps the third nearest neighbouring separations between S-phase domains. Type 5 
and Type 6 also appear to show some level of clustering around S-phase at around 3.5 
μm. The short range correlation of Type 5 and Type 6 with S-phase suggest that there 
might be some secondary precipitation on the surface of S-phase, although this is 
clearly inconsistent with the precipitation processes in AA2024-T3 59. Fluctuations at 
larger radii can be explained by reference to Figure 7.14. The g(r) are constructed by 
counting the number of intermetallic domains in an annulus between rij and rij + Δr 
where the subscript i increases the radius length as the annulus moves out from any 
particular particle and j moves through all centroids in the map. If the sample size is 
small and the domains are highly clustered (T2 and T5 break up into smaller particles 
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during rolling) then there may not be enough domains in any particular annulus (on 
average) for the sampled area (1 mm2) to reflect the population measured on a much 
larger area. For example, in Figure 7.13, the annulus defined by rB + Δr has no 
neighbours whereas those either side of it does, so no contribution will be made to 
g(r) for the annulus defined by rB to rB + Δr in this instance. If the whole sample does 
not cover a large enough area then there will be fluctuations in g(r). This effect should 
be less noticeable at large rij since the annular area increases and larger numbers of 
particles are included in the calculation then the statistics will become more reliable.  
Figure 7.13 also shows that S-phase domains typically had larger g(r) values 
than Type 2, 5 or 6 out to around 25 μm. This indicates that there was a higher 
frequency of an S-phase having other S-phase domains as neighbours compared to 
Type 2, 5 or 6. 
 
Figure 7.14: Sample size effects that can influence the g(r) data set. 
The curve corresponding to Type 2 domains in Figure 7.13, was the only one 
which gave g(r) values below one within the first 10 μm away from an S-phase 
domain for the NaCl and Ce(MAcet)3 samples. This suggests that Type 2 domains are 
more randomly distributed with respect to S-phase domains.  
 The effect of intermetallic clustering on corrosion initiation and inhibition in the presence and absence of rare earth-MAcet 
compounds 
  P a g e  | 167 
7.2.5. Frequency distributions 
While the pair correlation function g(r), gives the average clustering properties 
for the sample relative to the intermetallic domain density for each sample, another 
important characteristic is the absolute number of particles at a clustered site. For this 
approach it is necessary to choose a scale over which clustering occurs. This is 
provided though g(r), at the point where g(r) → 1. In this study the point where g(r) 
first reached unity was 25 μm (Figure 7.13) 158. This information can be accessed by 
calculating the frequency distributions, where the number of domains (in terms of the 
percentage of total domains) is plotted as a function of the number of neighbours.  
The frequency distribution of S-phase domains having a given number of 
neighbouring intermetallic domains within 25 μm is shown in Figure 7.15. Looking 
first at the y-axis, this reflects the number of S-phase domains that have no nearest 
neighbours of the specified type. 70% of S-phase do not have any Type 2 or Type 6 
neighbours. However, only 40% have no Type 5 neighbours suggesting S-phase are 
more likely to have Type 5 neighbours than Type 2 or Type 6. In the case of S-phase 
only 20% are likely to have no S-phase neighbours suggesting that S-phase is more 
likely to be clustered than not. The degree to which clustering occurs can be 
ascertained by moving along the x-axis. For example, S-phase can have up to 10 S-
phase or Type 5 nearest neighbours which could be very active sites.  
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Figure 7.15: Frequency distribution analysis showing the percentage frequency of all S-phase 
domains versus the number of neighbouring Type 2 (dotted blue), S-phase (red thick), Type 5 
(green dashed) and Type 6 (pink thin) domains on the NaCl sample. The enlarged region of the 
plot is indicated by the yellow highlighted area. The red dotted line is shown at a frequency of 5 
% compare the differences between each intermetallic domain type (the values are shown in 
Figure 7.16). Domains are increasingly isolated when closer to zero neighbours while domains 
with greater levels of clustering are observed at higher numbers of neighbours. The same 
trends were observed for the samples immersed in the presence of the rare earth-MAcet 10-4 M. 
To highlight this point, the number of neighbours of each domain type 
surrounding 5% of all S-phase domains (as shown by the red dotted line in the inset 
of Figure 7.15) is plotted in Figure 7.16. There was no significant difference between 
each sample which reinforces the fact that each sample was statistically identical in 
terms of the distribution of neighbouring domains around S-phase prior to immersion. 
This reinforces that the differences observed between the NaCl sample and the 
inhibited samples are real and not statistical variation. So, 5% of all S-phase particles 
could have either 5 S-phase, 4 Type 5 2 Type 2 or 2 Type 6 domains within a 25 μm 
radius. Clearly S-phase domains were generally surrounded by more S-phase domains 
than any other intermetallic domains. This is an interesting observation because S-
phase are considered to active based on their electrochemical characteristics, but this 
data suggests that clustering may be a contributing factor to the susceptibility of S-
phase particles to corrosion. 
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Figure 7.16: Number of nearest neighbours of a given S-phase domain at a frequency of 5% of 
all intermetallic domains in each micrograph (extracted from the enlarged plot in Figure 7.12) 
prior to electrolyte exposure for the NaCl (black), Ce(MAcet)3 (purple) and Pr(MAcet)3 (green). 
7.3. EPMA analysis: part II - The effect of specific compositions of domains 
on the severity of local pitting 
7.3.1. Analysis of heavily attacked corrosion sites 
What is clear from this study is that while there is considerable information that 
is of good quality on the identification of all sites that corrode in AA2024-T3 as well 
as the interaction of the inhibitor with these types of sites, there is no information 
specifically on the most corroded sites and their characteristics. Specifically, are these 
sites similar to the average sites on the surface or do they have very atypical 
characteristics. This section analyses the characteristics of such heavily attacked sites. 
The intermetallic domain map before immersion and oxygen concentration map 
after immersion for the NaCl sample are shown in Figure 7.17. The intermetallic 
domain map (Figure 7.17a) shows a seemingly random distribution of the different 
intermetallic domains throughout the sample surface. The oxygen concentration map 
(Figure 7.17b) shows variations in the severity of corrosion attack depending on the 
particular site. This is partly due to some oxidation at Type 2, 5 and 6 intermetallics 
at particular sites while more corrosion product and inhibitor deposits were typically 
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observed over S-phase particles. S-phase is the only phase expected to be attacked 
within the 16 minute immersion period based on part I. Furthermore, a number of sites 
showed evidence of corrosion ring formation in the surrounding matrix regions (an 
example is indicated by the black arrow in Figure 7.17b and also in Chapter 5, Figure 
5.10). The corrosion rings may indicate some level of clustering as well as severe 
corrosion attack compared to sites without the corrosion rings. In part I it was 
determined that the clustering effect only extended to 25 μm away from any particle 
on average. This has also been observed previously 158.  
For the NaCl sample, 12 sites were identified showing evidence of corrosion 
rings. The rings were identified by means of the oxygen map after immersion where 
a distinct ring surrounding an S-phase particle was observed. These sites will be 
referred to as the heavily attacked sites and are numbered from 1 to 12 at no particular 
order and circled in yellow on the intermetallic domain map. It must be noted that 
sites that were too close to the edge of the maps may skew the data, as they don’t show 
the distribution of particles beyond the boundary of the map, and therefore could not 
be included in the analysis. The sites circled in red and green were the most clustered 
site (irrespective of intermetallic composition) and the most clustered S-phase site 
respectively within the map boundaries. These two sites can be found on each of the 
samples and will be discussed in more detail later in this work.  
 The effect of intermetallic clustering on corrosion initiation and inhibition in the presence and absence of rare earth-MAcet 
compounds 
  P a g e  | 171 
a) 
 
b) 
 
Figure 7.17: a) intermetallic domain map for the NaCl sample before immersion. The colour 
coding corresponds to the particular intermetallic composition. Type 2 (blue), S-phase (green), 
Type 5 (red) and Type 6 (violet) can be observed. The heavily attacked sites are numbered from 
1-12. The most clustered site irrespective of composition is circled in red and the most clustered 
S-phase site (clustering of only S-phase particles) is circled in green. b) Oxygen concentration 
map showing the distribution of oxygen over the sample. The presence of corrosion rings and 
heavy oxide deposition can be observed (an example is indicated by the black arrow).
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The intermetallic domain and oxygen concentration maps for the sample 
immersed with Ce(MAcet)3, at a concentration of 10-3 M, and 0.1 NaCl are presented 
in Figure 7.18. It was interesting that the addition of Ce(MAcet)3 in the solution 
prevented any visible sign of corrosion ring formation however there were still a 
number of heavily attacked sites (an example is indicated by the black arrow in Figure 
7.18b). The lack of corrosion rings meant that a different criteria must be used to 
identify the sites on the Ce(MAcet)3 sample compared to the NaCl sample. Common 
characteristics of heavily attacked sites on the Ce(MAcet)3 sample included what 
appeared to be heavy local deposition as indicated by the oxygen map. Similar to the 
NaCl sample, heavily attacked sites were circled in yellow and numbered from 1 to 
10 at no particular order. The inspection of the intermetallic domain map (Figure 
7.18a) indicated the presence of S-phase particles at each of the heavily attacked sites 
but the number of sites was less than the NaCl. The lower number of heavily attacked 
sites suggests that the Ce(MAcet)3 was providing some level of inhibition at local 
sites.  
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a) 
 
b) 
 
Figure 7.18: a) intermetallic domain map for the Ce(MAcet)3 sample before immersion. The 
colour coding corresponds to the particular intermetallic composition. Type 2 (blue), S-phase 
(green), Type 5 (red) and Type 6 (violet) can be observed. The heavily attacked sites are 
numbered from 1-10. The most clustered site irrespective of composition is circled in red and 
the most clustered S-phase site (clustering of only S-phase particles) is circled in green. b) 
Oxygen concentration map showing the distribution of oxygen over the sample. The presence of 
heavily attacked sites display bright red in oxygen content (An example is indicated by the 
black arrow). 
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The intermetallic domain and oxygen concentration maps for the Pr(MAcet)3 
sample (as shown in Figure 7.19) were similar to the Ce(MAcet)3 sample with only 
areas of localised corrosion (high oxygen concentration) that were seemingly covered 
by a relatively large volume of corrosion product and inhibitor deposits. The heavily 
attacked sites were circled in yellow and numbered from 1 to 8 in no particular order. 
An S-phase particle was present at each of the heavily attacked sites and the number 
of these sites was less than both the NaCl and Ce(MAcet)3 samples. While this may 
be an indication of the higher level of inhibition of Pr(MAcet)3 compared to 
Ce(MAcet)3, it doesn’t take into account the characteristics of the intermetallic 
domains within each site or over the whole of the alloy. One such characteristic is the 
percentage of certain intermetallic domains over the whole map. Figure 7.20 shows 
the number of intermetallic domains for each specific composition as a percentage of 
the total number of domains on each sample. Although the percentage of each specific 
composition were similar for each sample, there was a significantly lower number of 
domains on the Pr(MAcet)3 (1934 domains) compared to the NaCl or the Ce(MAcet)3 
samples (2281 and 2616 respectively). Furthermore approximately 50 % of 
compositions composed of Type 5 domains and S-phase being the second most 
common composition.  
On each of the intermetallic domain maps, sites circled in red and green were 
present, corresponded to the most clustered site (clustering of all intermetallic 
domains) and the most clustered site containing only S-phase respectively. Another 
site was also circled in white corresponded to the 2nd most clustered S-phase site. 
These sites will be describe in more detail later in this work. 
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a) 
 
b) 
 
Figure 7.19: a) intermetallic domain map for the Pr(MAcet)3 sample before immersion. The 
colour coding corresponds to the intermetallic composition. Type 2 (blue), S-phase (green), 
Type 5 (red) and Type 6 (violet) can be observed. The heavily attacked sites are numbered from 
1-10. The most clustered site irrespective of composition is circled in red, the most clustered S-
phase site (clustering of only S-phase particles) is circled in green and the 2nd-most clustered S-
phase site is circled in white. b) Oxygen concentration map showing the distribution of oxygen 
over the sample. The presence of heavily attacked sites display bright red in oxygen content (An 
example is indicated by the black arrow). 
 The effect of intermetallic clustering on corrosion initiation and inhibition in the presence and absence of rare earth-MAcet 
compounds 
  P a g e  | 176 
 
Figure 7.20: The percentage of Type 2, S-phase, Type 5 and Type 6 intermetallic domains 
present on each sample. The NaCl (black), Ce(MAcet)3 (purple) and Pr(MAcet)3 (green) 
samples are shown as well as their respective total number of particles over the whole sampled 
map. 
7.3.2. Comparison of heavily attacked sites with the whole map 
From part 1 of this study, it was shown that there was some sort of clustering 
between S-phase and both Type 2 and 5 intermetallic domains. To identify the 
difference between the level of clustering within the heavily attacked sites compared 
to the whole map, the average number density was calculated (number of domains 
divided by the area within the heavily attacked site or within the whole map). The 
number density was calculated to normalise the differences in surface area between 
the whole map and the 25 μm radius circle at each heavily attacked site. This is 
presented in Figure 7.21a. In general for all intermetallic domain compositions, the 
average number density within the heavily attacked sites was greater than the whole 
map. The most common was Type 5, followed by S-phase, Type 2 and Type 6. A 
similar trend was observed for the number density of each domain over the whole 
map. This was also observed within a 50 μm radius in the work of Boag et al. 147.  
Considering that each of the heavily attacked sites were limited to the 25 μm 
radius, to fit a higher number of domains means that at least some of the domains had 
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to be small. Therefore the average surface area of each domain composition within 
the heavily attacked sites as well as over the whole map was calculated and shown in 
Figure 7.21b. The area of S-phase within the heavily attacked sites was significantly 
greater than the average S-phase area over the whole map as well as any other domain 
composition. Type 2 and Type 6 domains had a larger average area within the heavily 
attacked sites compared to the whole map. Type 5 was the only composition where 
the average area within the heavily attacked sites for all samples were similar to the 
average over the whole map. This suggests that the sites containing larger S-phase as 
well as large Type 2 were more likely to be sites of severe corrosion attack. Although 
the average area of Type 6 was also larger within the heavily attacked sites compared 
to the whole map, the statistics may be poor due to the low number of Type 6 
intermetallic domains (as will be shown in Table 7.4) at the clustered sites so no trends 
were identified with Type 6.  
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a) 
 
 
 
b) 
 
 
Figure 7.21: a) The average number density values from the clustered sites was calculated for 
each particle type within the 25 μm circle and the over the entire micrograph. b) The average 
total surface area of each intermetallic particle within the 25 μm radius circle and within each 
micrograph. 
7.3.3. Analysis of domains within each heavily attacked site 
Table 7.4 (left) presents the ten sites containing an S-phase domain surrounded 
by the highest number of Type 2, Type 5 and Type 6 domains within a 25 μm radius. 
This is compared to the number of domains surrounding the S-phase particle at each 
of the heavily attacked sites that were present prior to immersion (on the right of Table 
7.4). It is clear that for all samples analysed, none of the heavily attacked sites were 
within the top ten most clustered sites surrounding an S-phase domain. The only 
exception is highlighted in yellow, whereby Site 1 in the NaCl sample was the 6th 
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most clustered site surrounding an S-phase particle. This suggests that the 
susceptibility of a site on AA2024-T3 with or without inhibitor does not need to be 
the most clustered site. This is further supported by the fact that there are sites more 
clustered than these sites on each sample. The reason being is they were sites that did 
not contain S-phase at all. This will be discussed later in Section 7.3.4. 
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Table 7.4: The number of domains at the top ten most clustered sites surrounding an S-phase 
particle (left). This is compared to the number of domains at each of the heavily attacked sites 
(right). The site highlighted in yellow is the same site. 
Most clustered sites around an S-
phase domain  Heavily attacked sites 
Type 2 S-phase Type 5 Type 6  Type 2 
S-
phase Type 5 Type 6 
N
aC
l 0
.1
 M
 
16 2 32 0 
 
8 3 18 0 
18 5 18 0 0 5 3 0 
7 1 22 1 0 7 3 1 
7 8 16 1 0 1 3 0 
7 9 16 0 4 5 6 1 
8 3 18 0 1 7 1 0 
6 5 16 1 6 1 11 1 
4 10 11 3 0 2 0 0 
11 6 11 0 1 13 6 0 
3 11 11 2 0 4 2 0 
    0 8 5 1 
    0 2 0 0 
C
e(
M
A
ce
t)
3 
17 3 27 0 
 
5 7 4 1 
18 3 24 0 2 3 2 2 
17 3 21 1 3 2 0 0 
7 3 13 1 5 6 10 0 
0 16 8 0 1 3 8 0 
4 1 17 1 0 6 1 0 
6 2 14 0 0 4 2 2 
4 8 9 1 0 1 0 1 
4 3 13 1 2 4 2 0 
0 16 5 0 1 2 0 0 
Pr
(M
A
ce
t)
3 
9 2 14 0 
 
2 6 4 2 
5 3 12 2 1 10 2 3 
4 1 17 0 0 3 1 0 
4 5 9 4 2 7 4 1 
5 3 11 2 1 6 0 0 
7 2 12 0 4 4 2 2 
6 2 12 0 0 4 2 0 
4 3 10 2 0 2 1 2 
6 2 11 0     
4 3 9 3     
 
Since the most clustered sites were not necessarily the most prone to local 
attack, it was hypothesised that the surface area of each S-phase domains with respect 
to the surface area of the other intermetallic domains was measured and shown in 
Table 7.5. The total area of S-phase within each of the heavily attacked sites was far 
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from being the largest in their respective samples suggesting that the site with the 
largest surface area of S-phase will not necessarily be the most susceptible to local 
attack.  
Table 7.5: Presents the total area of each intermetallic domain within each heavily attacked site 
for each sample taken from the intermetallic domain map before immersion. The ratio of S-
phase vs the combined area of Type 2, 5 and 6 is shown as well as the radius of the corrosion 
ring surrounding each site on the NaCl sample and the radius of inhibitor films surrounding 
the inhibited samples, Ce(MAcet)3 and Pr(MAcet)3. 
Sample Site Type 2 (μm2) 
S-phase 
(μm2) 
Type 5 
(μm2) 
Type 6 
(μm2) 
Ratio 
S-phase 
:T2,5,6 
Corrosion 
ring/product 
radius 
(μm) 
NaCl 
0.1 M 
1 13 50.5 13.75 0 1.89 10.71 
2 0 51 0.75 0 68.00 11.03 
3 0 40.5 0.75 0.25 40.50 18.84 
4 0 35.75 3.25 0 11.00 24.43 
5 1 68.25 3.5 1 12.41 7.96 
6 0.25 35 0.75 0 35.00 24.64 
7 45 1.5 16.5 3.5 0.023 15.79 
8 0 17.25 0 0 - 17.87 
9 0.5 103.75 3.25 0 27.67 - 
10 0 37.25 0.5 0 74.50 28.79 
11 0 71 2.5 0.25 25.82 - 
12 0 14.25 0 0 - 5.50 
Ce(MAcet)3 
10-4 M 
and NaCl 
0.1 M 
1 4.75 121.5 5.5 0.75 11.05 20.78 
2 0.5 45.25 1.75 2 10.65 17.55 
3 23.75 75.75 0 0 3.11 17.59 
4 8.25 43 19.75 0 1.54 14.05 
5 0.25 40 3.5 0 10.67 11.16 
6 0 39.25 0.25 0 157.00 7.59 
7 0 119.5 2 1.75 31.88 8.90 
8 0 60.25 0 5 12.05 12.11 
9 0.5 53.75 12.5 0 4.14 12.72 
10 0.25 41.25 0 0 165.00 13.92 
Pr(MAcet)3 
10-4 M 
and NaCl 
0.1 M 
1 1.25 94.5 1 1.5 25.20 12.04 
2 0.25 87.25 1 14.75 5.45 8.88 
3 0 88.75 0.25 0 355.00 8.22 
4 35.75 72.25 20.75 6 1.16 13.31 
5 0.25 103 0 0 412.00 7.16 
6 1 43 8 1.5 4.10 5.72 
7 0 116.25 0.5 0 232.50 8.70 
8 0 6.5 0.25 13 0.50 8.64 
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It was then hypothesised that perhaps the ratio of area between S-phase and the 
other more cathodic intermetallic domains may reveal why the heavily attacked sites 
were so severely attacked relative to the rest of the sample surface in each sample. 
The ratio of the total S-phase area vs the combined area of Type 2, 5 and 6 at each site 
was calculated and included in Table 7.5. This ratio will give a measure of how large 
the S-phase area was compared to the other intermetallic domains at each site. The 
majority of sites contained S-phase that was larger than the combined area of the other 
intermetallic domains. This excludes site 7 on the NaCl sample and site 8 on the 
Pr(MAcet)3 sample. In addition, the radius of the corrosion rings surrounding each 
heavily attacked site in the NaCl sample or the radius of inhibitor deposits in the 
inhibited samples were measured to give an approximation of the severity of attack 
(included in Table 7.5). The ratio of S-phase area vs T2, 5 and 6 area was plotted 
against the corrosion ring/product radius as shown in Figure 7.22.  
Figure 7.22a shows the graphs for the control sample and each dot represents 
each heavily attacked site. The red trend line has been included to show a linear trend 
whereby as the surface area of S-phase increases with respect to the combined surface 
area of Type 2, 5 and 6, the resulting corrosion ring will grow larger and thus corrosion 
attack will be more severe. However it is clear that there is a weak dependence of the 
corrosion ring size on the S-phase/cathodic area as more seen in the inset. Although 
there were 12 heavily attacked sites on the NaCl only sample, only 8 is shown in 
Figure 7.22a. Some sites only contained S-phase and therefore no “S-phase to 
cathodic domain ratio” could be calculated.   
Figure 7.22b shows the graph for the inhibited samples, Ce(MAcet)3 (purple 
squares) and Pr(MAcet)3 (green triangles). The radius of the inhibitor deposits at each 
site was appeared to be independent of the surface area of the S-phase relative to the 
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other intermetallic domains. There was also more scatter observed at very low ratios 
of S-phase area vs T2, 5 and 6 area. 
a) 
 
b) 
 
Figure 7.22: Graphs of the S-phase area : combined Type 2, 5 and 6 particle area vs the radius 
of corrosion rings from each site listed in Table 7.5 for the a) NaCl 0.1 M sample (the inset 
shows the graph NaCl graph and the radius of inhibitor films in the b) inhibited samples, 
Ce(MAcet)3 (purple squares) and Pr(MAcet)3 (green triangles). The red line shows the linear 
trend line for the NaCl sample and both the inhibited samples combined. 
7.3.4. Analysis of the most clustered sites and the most clustered S-phase sites 
It was observed that the most clustered sites did not necessarily lead to the most 
severe levels of corrosion attack. The most clustered sites will be analysed in an 
attempt to understand why they were less prone to local attack. Since local attack was 
predominantly on S-phase domains, the most clustered S-phase sites (sites containing 
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the highest number of S-phase domains) was also analysed. These sites are shown in 
Table 7.6.  
NaCl most clustered sites 
Table 7.6ai shows the most clustered site on the NaCl sample which was also 
Site 1 of the heavily attacked sites. The relatively large S-phase domain (as indicated 
by the white arrow in the intermetallic domain map) was surrounded by numerous 
Type 2 and Type 5 domains, with the latter being smaller in size on average compared 
to the former. The corrosion ring emanated from the S-phase domain. As per the data 
in Table 7.4, there was significantly more Type 2 and 5 domains compared to S-phase.  
Table 7.6aii displayed the most clustered S-phase site but there was no visible 
sign of a corrosion ring. Remembering that the presence of the corrosion ring was a 
criterion for severe corrosion on the NaCl sample. However there was a relatively 
high deposition of oxides on the surface of each of the S-phase domains within the 
site as indicated by the bright red colour on the oxygen concentration map after 
immersion. This suggests corrosion reactions, such as de-alloying, still occurred but 
it appeared to be related to local de-alloying rather than the area of a stable pit. 
Ce(MAcet)3 most clustered sites 
The most clustered site for the Ce(MAcet)3 sample is shown in Table 7.6bi and 
was not one of the heavily attacked sites. There appeared to be limited corrosion at 
this site after the 16 minute immersion, even over the relatively small S-phase 
domains. There was a significantly higher number of Type 2 and Type 5 domains 
compared to S-phase. The white arrow on the intermetallic domain map shows an 
example of a particle containing multiple domains.  
The most clustered S-phase site (Table 7.6bii) was at Site 3 (Table 7.5) for this 
sample. The intense red colour over each of the S-phase domains on the oxygen 
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concentration map indicates a high amount of oxide/hydroxide deposition. The white 
arrow on the oxygen concentration map shows a region where oxygen had deposited 
over the S-phase domain as well as the matrix between them. This is a possible 
indication that the corresponding domains were corroding together in a clustered 
mode of attack.  
Pr(MAcet)3 most clustered sites 
For the Pr(MAcet)3 sample, the most clustered site (Table 7.6ci) only contained 
Type 2 and Type 5 domains. In addition, there was no significant change after the 16 
minute immersion which was possibly due to the lack of S-phase particles within the 
site. This is supported by the data in Table 7.5 where it is evident that S-phase is 
required for sites of stable pit development.  
The most clustered S-phase site (Table 7.6cii) found on the Pr(MAcet)3 sample 
was at the very edge of the map. The proper analysis at this site could not be performed 
as it is not known if there were other neighbouring particles outside of the map 
boundary. The second-most clustered S-phase site was therefore analysed (Table 
7.6ciii). This site was actually within site 2 in the Pr(MAcet)3 from Table 7.5. The 
number of S-phase domains were significantly greater than the number of Type 2 and 
Type 5 domains. A relatively large amount of inhibitor deposits had clearly deposited 
over each of the S-phase domains as can be observed by the intense red regions 
covering several domains on the oxygen concentration map. An example of this is 
indicated by the white arrow whereby oxygen concentration was high not only the S-
phase domains, but the alloy matrix in between. This suggests that some of the 
domains had been corroding together in a clustered mode of corrosion similar to the 
site indicated by the white arrow on the most clustered S-phase site of the Ce(MAcet)3 
sample (Table 7.6bii). 
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Table 7.6: An analysis of i) the most clustered site (site with the highest number of domains 
irrespective of composition) and ii) the most clustered S-phase site (the site with the highest 
number of S-phase domains). The most clustered S-phase site for the Pr(MAcet)3 was on the 
edge of the map and thus the 2nd most clustered S-phase site was also included. These are shown 
for the samples: a) NaCl b) Ce(MAcet)3 at 10-4 M and c) Pr(MAcet)3 10-4 M. In the intermetallic 
domain map at 0 minutes, the following colour code corresponds to each domain: Type 2 – 
blue, S-phase – green, Type 5 – red and Type 6 – purple. The White scale bar on each 
micrograph is 10 μm. The white arrow in ai) intermetallic domain map for the NaCl sample is 
an example of a relatively large S-phase domain. The white arrow on bi) intermetallic domain 
map for Ce(MAcet)3 is an example of a particle containing multiple domains. The white arrow 
on bii) oxygen concentration map shows a region between several S-phase domains showing 
possible clustered corrosion. The white arrow is located in ciii) oxygen concentration map. 
Main observations 
0 minutes 
intermetallic 
domain map 
0 minutes 
Oxygen 
concentration map 
16 minutes 
Oxygen 
concentration map 
ai) Most clustered site: 
x Within Site 1. 
x Not most clustered S-
phase site. 
x Low S-phase : Type 
2,5,6  ratio. 
x Arrow shows large S-
phase domain.    
aii) Most clustered S-phase 
site: 
x High S-phase : Type 
2,5,6 ratio. 
x Showed no corrosion 
ring. 
x Contradicted the S 
trend.     
bi) Most clustered site: 
x Limited change after 
immersion. 
x Very low S-phase : 
Type 2,5,6 ratio.  
x Arrows indicates a 
particle with multiple 
domains.    
bii) Most clustered S-phase 
site: 
x High S-phase : Type 
2.5,6 ratio. 
x Surface area of S-
phase was sufficiently 
large. 
x Arrows indicates 
possible clustered 
corrosion. 
   
ci) Most clustered site: 
x Did not contain S-
phase. 
x Limited change after 
immersion. 
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cii) Most clustered S-phase 
site: 
x At the edge of the 
micrograph therefore 
could not be analysed. 
x The right edge was 
the edge of the map.      
ciii) Second-most clustered S-
phase site: 
x Within Site 2. 
x High S-phase : Type 
2,5,6 ratio. 
x Arrow indicates 
possible clustered 
corrosion.    
7.4. Discussion 
7.4.1. Alloy Microstructure 
From Chapter 6, it was clear using the WBE that clustering of cathodic sites can 
influence the site which is most susceptible to localised corrosion attack. Chapter 7 
attempted to understand how the rare earth-MAcet inhibitors inhibited these clusters 
of intermetallic domains. However, as previously mentioned, an understanding of 
intermetallic clustering in solution and in the absence of the rare earth-MAcet 
inhibitors must first be established.  
EPMA maps were collected on three different samples (1 mm2) taken from the 
same batch of aluminium alloy. The analyses of these three different regions showed 
that they had similar characteristics, providing confidence that sample variation was 
not a significant issue in these studies. Several different compositions were identified 
for each sample and the compositions presented in Table 7.1 were in good agreement 
with each other as well as with a previous determination for this alloy batch 59. As 
previously mentioned, no Type 1, Type 4 or Type 7 was identified which supports the 
necessity in using one batch of alloy for experimentation 59. The compositions 
identified for the batch of AA2024-T3 used in the current study were determined from 
several hundred domains as listed in Table 7.2. The number of domains for two of the 
samples were close, but the third appears to have a three to four hundred fewer 
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domains. Variation from region to region has previously been reported by Hughes et 
al. 81 and may have an influence on the overall anode to cathode area since high 
domain densities means that any individual domain is likely to have more neighbours. 
More importantly, the clustering statistics appeared to be highly reproducible 
between the different samples providing confidence in both the analysis techniques as 
well as the reproducibility of the sample surface. The g(r) showed that in all samples 
there was clustering among the S-phase domains as well as with S-phase and Type 5 
and Type 6 intermetallic domains. This extended out to around 25 μm where signs of 
clustering disappeared. The g(r) also showed that there may be spatial structuring in 
the S-phase distribution with first second and third nearest neighbours being 
identified. Moreover the frequency distributions were similar for all three samples 
showing clusters up to 10 nearest neighbours at the 1% level (Figure 7.13a). 
7.4.2. The influence of the quantity and surface area of specific intermetallic 
domains on clustered corrosion attack 
From the previous sections (predominantly Section 7.3), it is clear that sites with 
some level of clustering as well as a larger number and surface area of intermetallic 
domains (particularly S-phase) were more likely to undergo severe corrosion attack 
relative to the rest of the alloy surface. However, it was also clear that the most 
clustered sites were not necessarily the sites that developed corrosion rings or heavy 
oxide product. While it might be expected that clusters containing only some or all of 
Type 2, 5 and 6 intermetallic domains might not be expected to be sites of severe 
corrosion activity, the sites containing clustered S-phase were expected to experience 
heavy corrosion at 16 minutes immersion. However, the sites containing the most 
clustered S-phase domains alone did not necessarily lead to heavy corrosion attack 
either. From this data, the sites containing at least a single S-phase domain with a 
surface area larger than the combined area of the surrounding Type 2, 5 and 6 domains 
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(an S-phase area to Type 2, 5 and 6 area ratio greater than 1) appeared to be more 
susceptible to heavy corrosion attack compared to other sites. This suggests that other 
factors may be in play when a stable pitting site such as a corrosion ring is established. 
This might be due to (i) subtleties in the configuration of intermetallic domains, (ii) 
factors unrelated to the intermetallic domain configurations or (iii) that corrosion 
develops randomly at clustered sites and the details of the clustering are irrelevant. 
(i) Subtleties in intermetallic domain distributions/areas: In terms of 
configurations of intermetallic domains, Wei proposed a one-step model whereby 
pitting corrosion initiated at a cluster of constituent particles at the surface of AA2024-
T3. This model more closely fit experimental data compared to a two-step model 
whereby pitting corrosion nucleates at an isolated particle and subsequent growth of 
pits exposes subsurface intermetallic clusters to facilitate further pitting 186. Boag et 
al. suggested that the clustering of cathodic intermetallic particles was key for stable 
pit formation and the most active sites coupled S-phase with other cathodic particles 
150. Leblanc et al. observed that the presence of an AlCuFeMn with other AlCuFeMn 
particles led to no observed corrosion attack. This coincided to the most clustered site 
on the Pr(MAcet)3 sample (Table 7.6ci), whereby only Type 2 and Type 5 were 
present but no noticeable and severe corrosion attack took place. When an AlCuFeMn 
particle was adjacent to an S-phase particle, trenching was observed around both the 
S-phase and the AlCuFeMn particle 28. Thus the observations in the current work are 
consistent with a number of observations in the work of Leblanc and Frankel 28. These 
studies suggests that the couple between S-phase and cathodic intermetallic domains 
is much more active than coupling of either with the matrix alone. The preferential 
development of oxides on the surface of Type 5 domains suggests that they were 
acting as local cathodes. Ilevbare et al. have stated that cathodic sites (such as cathodic 
intermetallic particles and replated Cu) in near proximity of an Al-Cu-Mg particle can 
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accelerate the oxygen reduction reaction and increase the severity of corrosion attack 
57. Boag et al. showed that pitting and deep intergranular attack were associated with 
AlCuFeMn and AlCuMg particles in close proximity with each other 187. This may 
explain why the presence of Type 2 and Type 5 domains in close proximity to S-phase 
domains typically led to more severe corrosion attack in the current work. King et al. 
observed that stable pitting is more likely at clusters of S-phase 80. It may also explain 
why the large cluster of S-phase particles observed in Table 7.6aii is not severely 
attacked since it can be argued that the surrounding matrix cannot provide enough 
cathodic current density for the S-phase to begin de-alloying. This model suggests an 
optimum combination of clustering and intermetallic domain surface areas which 
leads to increased susceptibility to local attack. However the data in Figure 7.22 does 
not support an optimum S-phase /Cathodic particles area, but only a minimum which 
in the case of a single S-phase domain was 14 μm2.  
Another subtlety with intermetallic domain configurations is the individual 
intermetallic domain area and number of particles. In this work, both Type 2 and Type 
5 were differentiated mainly by their average size. The Type 5 domains tended to be 
small and sometimes situated at the boundary of S-phase particles as observed in the 
pair correlation function in part I of this study. Type 2 was larger than Type 5 domains 
and showed no spatial correlation i.e., clustering, with S-phase domains. Intermetallic 
particles have been known to break apart into smaller particles during the rolling 
process when the AA2024-T3 is being manufactured 5, 188. This may explain the 
relatively small size and the large quantity of Type 2 and 5 domains compared to S-
phase at certain sites. In this instance a larger number of smaller particles around an 
S-phase particle may produce a more efficient couple not limited by solution 
resistance as well as ion transport effects as might be the case with a large cathodic 
particle.  
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The influence of Type 6 intermetallic domains might well be ignored even 
though this group contains Mg2Si particles which are active under all conditions as 
reported by Birbilis and Buchheit 64. Type 6 intermetallic domains were only present 
at small number of the heavily attacked sites and only had a small area.  
So in terms of point (i) at the beginning of this section, it seems that subtleties 
of the intermetallic domain distributions and/or surface areas are not likely to explain 
the initiation of severe corrosion at the sites observed in this study. 
(ii) Other factors: While this study has focused in constituent particles, 
AA2024-T3 contains both dispersoid particles (such as Al20Mn3Cu2) and hardening 
precipitates (Al2CuMg). Both of these particle types are involved in corrosion 
processes. Indeed Ralston et al. have demonstrated that hardening precipitates as small 
as 3 nm have similar electrochemical and de-alloying characteristics to larger S-phase 
particles 47, 55. Nevertheless, the heterogeneity and the density of these particles within 
depletion zones in grain boundaries189 and around S-phase particles61 may give rise to 
initiation sites that are not easily identified using the techniques employed in this 
study. For example, the nature of dispersoid free zones around clusters of S-phase 
particles may be different to those of isolated particles 61, 190. The influence of defect 
densities as expressed through grain stored energy may also have a bearing on whether 
certain sites are more active or not 191, 192. For example, deformation around clusters 
of intermetallic particles during rolling may create regions with increased levels of 
defects that are more susceptible to corrosion 193, 194. Porosity, is also apparent in these 
alloys particularly where intermetallic particles have fractured 72. These “occluded 
volumes” may be ideal sites for the development of local chemical and 
electrochemical gradients which facilitate attack. Other factors may include the 
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presence of subsurface intermetallic domains 79, 80, 195-197 and the difference in activity 
between the different intermetallic domain compositions 52, 64, 198.  
(iii) Random Initiation: Finally, the possibility that corrosion initiation at any of 
these clustered sites is purely random i.e. stochastic needs to be considered. This 
means that no combination of the alloy microstructural features can ever be said to 
lead to corrosion with certainty. Instead corrosion initiation results from fluctuations 
in solution and/or surface condition that changes randomly during the corrosion 
experiment such as chloride or oxygen concentration, leading to random changes in 
surface species from which in some cases corrosion will initiate. From the analysis of 
the maps gathered for this work, the distribution of the intermetallic domains do not 
appear to be random in nature. This was shown by the trends observed in the frequency 
distribution and pair correlation analysis.  
7.4.3. Corrosion and the inhibition mechanism of the rate earth-MAcet inhibitors 
from an average statistics perspective 
Under corrosion conditions, the scatter plots (Figure 7.4a) showed that, without 
exception, all S-phase domains underwent de-alloying in 0.1M NaCl. There were only 
minor changes in the composition of other intermetallic domains. It is well established 
that S-phase domains are known to be initially anodic with respect to the alloy matrix, 
leading to preferential dissolution of Mg and Al and producing corrosion product over 
the intermetallic surface 57, 65, 71. The Cu-rich remnant that is left behind is expected 
to act as a cathode, increasing the local pH over the remnant due to the production of 
OH- ions. In terms of the action of the inhibitors, it is clear that they stifle the de-
alloying of the S-phase that was observed in the NaCl solution within an immersion 
time of 16 minutes (Figure 7.9 and Figure 7.10). The detection of either Ce or Pr on 
the surface of all S-phase domains indicates the interaction of either the Ce(MAcet)3 
or Pr(MAcet)3 inhibitors with the surface. Clearly the de-alloying of S-phase is 
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suppressed by the deposition of the Ce(MAcet)3 or Pr(MAcet)3 inhibitor species 
directly onto the S-phase domains. Previous work has shown that the rare earth 
mercaptoacetates were predominantly cathodic inhibitors thus forming precipitates at 
local cathodic sites 185. Indeed, Ce ions have been used to locate cathodic activity on 
aluminium 107, 135. The precipitation of rare earth compounds on S-phase domains 
indicates a level of cathodic activity. This suggests that some de-alloying had already 
occurred, meaning that some corrosion reactions must first occur before any inhibition 
can be provided. Either Ce or Pr was detected at very low levels over the matrix of 
their respective samples. This indicates that the inhibitor species does not exclusively 
deposit over S-phase but a film forms over the alloy matrix. The weak signal of rare 
earth over the alloy matrix was attributed to the poor sensitivity of EDS. The limited 
sensitivity of EDS has been discussed before 160, 176. 
 
Figure 7.23: Rare earth deposit concentration versus the Cu content of each intermetallic 
domain. 
As previously stated, rare earth was detected over Type 2, 5 and 6 in addition to 
the alloy matrix and S-phase. This is also illustrated in Figure 7.23 which shows the 
rare earth atomic percent as a function of Cu content. Generally, the rare earth 
deposition increased as the Cu content of the intermetallic domain was higher. S-phase 
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and Type 5 had the highest and second highest Cu content respectively. Therefore S-
phase had the highest rare earth deposition while Type 5 had the second highest. This 
suggests that the Cu content within a particular intermetallic domain strongly 
influences the level of rare earth deposition. Assuming that corrosion reactions were 
necessary for the rare earth species to deposit, the high concentration of rare earth 
detected on S-phase suggests a greater level of corrosion reactions occurring. The 
greater level of corrosion activity appeared to be related to the Cu content within the 
intermetallic domain. It must also be noted that the relationship of the rare earth 
deposition and the Cu content of each intermetallic domain was not linear. This 
indicates that the cathodic activity of the intermetallic domain, and thus the level of 
inhibitor deposition, depends on other factors in addition to the Cu content, such as 
the presence of other elements within each intermetallic domain or their size and shape 
relative to the surrounding domains. Aldykiewicz et al. found that intermetallic 
particles containing Fe (such as Type 2 and Type 5 in the current work) acted as 
relatively weak cathodes compared to the de-alloyed S-phase 107. Birbilis et al. 
reported that the electrochemical behaviour of intermetallic particles was dependent 
on pH and the presence of certain elements within the particle 198.  
It is not clear from these result whether the Ce or Pr forms some part of the 
existing protective surface oxide or whether there are isolated regions where the rare 
earths have reacted. If the reaction is confined to a small area then the lateral resolution 
of the microprobe suggests the regions are submicron in size. In addition, there were 
clusters of domains whereby the deposited inhibitor film had sites being more rare 
earth-rich and sites being more S-rich. An example of the varied concentration of 
deposits by the rare earth and S is shown in Figure 7.7b. The magnified view of one 
of the particles is presented later in Figure 7.24. Due to the heterogeneous nature of 
AA2024-T3, it is very likely that varies inhibitor species was incorporated into the 
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surface film, such as rare earth oxides/hydroxides, the MAcet ligand or species 
containing both the rare earth and the MAcet ligand. Seter et al. found that the 
speciation of the rare earth-organic inhibitor, La(4OH-Cin)3 was dependent on the 
solution pH and the inhibitor concentration 138. Although the de-alloying process of 
S-phase was significantly stifled within 16 minutes of immersion, previous work 
showed that the concentration of 10-4 M could not significantly affect the corrosion 
processes of AA2024-T3 after a 30 minute immersion period 185. The ineffectiveness 
of the rare earth-MAcet inhibitors was likely due to the formation of a heterogeneous 
surface film with limited resistance to corrosion nucleation and progression. The 
formation of a heterogeneous surface film and the low inhibitor concentration 
increases the likelihood that the rare earth and MAcet species were 
thermodynamically stable as separate entities in solution.  
As proposed in Chapter 5, the surface films composes of at least three films: the 
S-phase film, the general film and the local general deposits. The EPMA investigation 
clearly demonstrated the presence of the S-phase and general films within the 
relatively short immersion time of 16 minutes. The presence of the local general 
deposits could not be identified on any of the maps acquired using the EPMA 
instrument. The local general deposits was expected after longer immersion periods 
(longer than 30 minutes) due to observations from the SEM/EDS micrographs 
presented in Chapter 5. In contrast, the detection of rare earth over all intermetallic 
types as well as the alloy matrix (Table 7.3) supports the deposition of a general film 
over the whole alloy in addition to the S-phase film. 
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Figure 7.24: a) Intermetallic domain map showing a cluster of S-phase domains before 
immersion. The colours correspond to Type 2 (blue), S-phase (green) and Type 5 (red). b) 
Intermetallic domain map after immersion showing corrosion product and inhibitor film 
deposition over the same S-phase cluster after the 16 minute immersion period. The colours are 
different to the cluster before immersion and are as follows: S-phase (green), Cu-rich (orange), 
Ce-rich (blue), S-rich (yellow) and Ce-S sites (red). Other colours are from a mixture of 
different species. 
7.4.4. The influence of the rare earth-MAcet inhibitors on clustered corrosion 
attack from a site specific statistics perspective 
Initial inspections of the oxygen concentration maps for the samples immersed 
in the presence of the rare earth-MAcet inhibitors (Figure 7.18b and Figure 7.19b for 
Ce(MAcet)3 and Pr(MAcet)3 respectively) showed that no corrosion rings were 
present anywhere on the map. Understanding the mechanisms of corrosion ring 
formation is beyond the scope of this work, however, Hughes et al. observed the first 
appearances of corrosion rings between approximately 5 and 10 minutes of immersion 
in 0.1 M NaCl only sample 158. It was proposed that a convection process, such as the 
hydrogen gas bubbling, pushed the corrosion product outwards forming the ring 
structure 158. Assuming that hydrogen gas production was causing the formation of 
corrosion rings in the current work, both the rare earth-MAcet inhibitors were either 
limiting or eliminating the production of hydrogen gas. This is supported by the 
predominant cathodic mode of inhibition by the rare earth-MAcet as shown in the 
polarisation data at relatively short immersion times (30 minutes) presented in Chapter 
5.  
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As shown by the scatter plots in Figure 7.9 and Figure 7.10, the presence of the 
rare earth-MAcet inhibitor largely prevented the S-phase de-alloying within an 
immersion period of 16 minutes. Where de-alloying was observed it was typically 
around the heavily attacked site. It is at these sites that the inhibitor plays its major 
role. Hydrogen evolution occurs in the anolyte solution where low pH, oxygen 
depletion and other concentration gradients develop. The lack of corrosion rings (and 
by implication H2 evolution) implies that either the anolyte solution never develops 
or cathodes local to the anolyte solution become deactivated. The data presented in 
this work is not sufficient to distinguish between these two possibilities. The fact that 
the radius of inhibitor product over the identified clusters remained approximately 10 
μm irrespective of the S-phase to Type 2, 5 and 6 surface area ratio (Figure 7.22b) 
implies that the rare earth-MAcet inhibitors were somewhat nullifying the increasing 
level of corrosion attack when no inhibitor was present in solution (Figure 7.22a).  
It is proposed that the same mechanism of film formation proposed in Chapter 
5 is also occurring over the clustered sites. However, for the clustered sites containing 
at least a single S-phase domain with a surface area larger than the combined surface 
area of Type 2, 5 and 6 domains, corrosion attack tended to be more aggressive 
compared to other sites. Due to this aggressive level of local attack and the relatively 
low concentration of rare earth-MAcet inhibitor in solution (10-4 M), the deposition 
of the S-phase film over S-phase or the general film over the matrix and other 
intermetallic domains, was unable to significantly inhibit the corrosion processes.  
7.5. Conclusions 
Analysis of hyperspectral datasets collected during EPMA mapping was useful 
in understanding how the proximity of different intermetallic domains affected the 
corrosion processes on the surface of AA2024-T3. An understanding of the effect of 
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number density, surface area and the presence of specific intermetallic compositions 
within a 25 μm radius was also observed. 
After an immersion period of 16 minutes, the rare earth-MAcet inhibitors at a 
concentration of 10-4 M, were found to inhibit the S-phase de-alloying process. This 
supports the influence of the S-phase inhibitor film. The fact that S-phase eventually 
is de-alloyed after 30 minutes of immersion (as observed in Chapter 5) supports the 
hypothesis that the deposited S-phase film is not perfect and corrosion processes will 
continue resulting in the large volumes of inhibitor deposits over S-phase. The 
deposition of the general film over Type 2, 5 and 6 domains as well as the alloy matrix 
is supported by the detection of rare earth over the whole sampled surface.  
The effect of intermetallic clustering on the severity of corrosion attack was 
much more complicated than just having the most clustered site. Analysis of the data 
strongly suggested that, at least for the maps gathered in this work, a particular site 
within a radius of 25 μm will have a higher susceptibility to severe corrosion attack if 
at least one S-phase domain with a surface area larger than the total surface area of 
Type 2, 5 and 6 combined is present. At first glance of the intermetallic domain map, 
it appears as though corrosion attack is random. However, upon closer inspection of 
the pair correlation and frequency distribution analysis, a number of similarities were 
observed between the sites that were heavily attacked. This strongly suggests that the 
distribution of intermetallic domains are in fact not stochastic in nature.  
In the presence of the rare earth-MAcet inhibitors in solution at a concentration 
of 10-4 M, the radius of inhibitor deposits over clustered intermetallic domains sites 
was independent of the surface area of S-phase relative to the combined area of the 
other cathodic domains. The prevention of corrosion ring formation was attributed to 
the predominant cathodic mode of inhibition demonstrated by the rare earth-MAcet 
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inhibitors under relatively short immersion times (within 30 minutes). This suggests 
that although the severity of corrosion attack at clustered sites was expected to be 
greater than isolated intermetallic particles, the rare earth-MAcet inhibitors were 
clearly affecting the local corrosion processes over the intermetallic domain clusters 
to limit corrosion attack.  
It was therefore hypothesised that the same process of inhibitor film deposition 
occurs over intermetallic clusters just as they do over isolated domains. As long as the 
cluster contains at least a single S-phase domain with a surface area larger than the 
combine surface area of the surrounding Type 2, 5 and 6 domains, the normal inhibitor 
film formation process over the cluster itself will be significantly hindered. At a 
concentration of 10-4 M, the inhibitor species will not be able to displace corrosive 
species (such as Cl- ions) effectively at these sites and therefore corrosion attack will 
continue. 
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Chapter 8 - Conclusions, future work and 
recommendations 
8.1. Introduction 
The inhibition behavior and sequence of film formation by the rare earth-MAcet 
inhibitors was a relatively complex process as observed from the experimental data 
presented in this thesis. This chapter will accumulate all the major findings as a result 
of this work which will be used to formulate a hypothesis on the mechanism of 
inhibition. Recommendations on future work will also be provided which will mainly 
focus on aspects of the hypothesis that is still not fully understood.  
8.2. Major findings 
There were a number of key observations from each experiment used in this 
work. It was clear from Chapter 5 that the level and the mode of inhibition 
demonstrated by the rare earth-MAcet inhibitors was dependent on the concentration 
in solution and the immersion time respectively. If the concentration was relatively 
low (10-4 M), some inhibition of de-alloying was observed within 16 minutes of 
immersion, however, this would eventually fail as corrosion would continue beyond 
30 minutes of immersion. When the concentration was sufficiently high (10-3 M), 
rapid inhibition occurred and therefore no noticeable corrosion was observed. In terms 
of immersion time, at short immersions (30 minutes), inhibition was predominantly 
cathodic in nature. However at longer times (24 hours), anodic inhibition was more 
significant causing the rare earth-MAcet compounds to act as mixed inhibitors.  
The detection of rare earth and S species over, not just S-phase, but also the 
other cathodic intermetallic particles and the alloy matrix using ToF-SIMS, suggests 
the formation of a general film over the matrix and the other intermetallic 
compositions.  
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It must also be noted that the work here showed the importance of 
experimenting with the inhibitors not only at concentrations which will result in the 
best level of corrosion inhibition, but also at relatively low concentrations where the 
inhibitor performs poorly. In this case, the rare earth-MAcet inhibitors performed 
extremely well at a concentration of 10-3 M. However, there were numerous details 
concerning the corrosion inhibition mechanism which was masked. Experimenting 
under the lower concentration of 10-4 M revealed details about the mechanism which 
would not have been considered if experiments were only performed under the 
sufficient and effective concentration of 10-3 M. 
Chapter 6 demonstrated the importance of Cu-rich local cathodic sites in 
determining the most susceptible site for anodic reactions to occur. In addition, there 
was evidence of the major anode switching from one electrode to another. This was 
likely caused by corrosion product formation on the cathode surface which in turn 
changed local solution conditions. A change in the local conditions may contribute in 
influencing which sites are more susceptible to corrosion attack as well as being 
“heavily attack”. 
The level of inhibition afforded by the Pr(MAcet)3 compound, particularly at 
the concentration of 10-3 M, was clearly observed as it was able to reduce all current 
densities on the WBE to approximately 5 μA/cm2 within 20 minutes of immersion. 
The Pr(MAcet)3 inhibitor reduced currents almost 6 times faster than the PrCl3 
inhibitor at the same concentration (10-3 M). The organic inhibitor, Na-MAcet at a 
concentration of 3x10-3 M, failed to reduce current densities of the WBE significantly 
compared to the uninhibited NaCl sample over the 24 hour immersion period. The 
effectiveness of Pr(MAcet)3 compared to PrCl3 and 3Na-MAcet supports the likely 
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synergistic inhibition being demonstrated by the combination of Pr and MAcet as 
compared to the individual components. 
Just as the local cathodic sites appeared to determine where the major anodic 
sites occurred on the WBE surface, the presence of cathodic intermetallic particles on 
the surface of AA2024-T3, with certain compositions (rich in Cu) was found to also 
affect the susceptibility towards local attack. While the surface of the WBE was 
designed to represent a single site containing a given cluster of intermetallic particles 
on the AA2024-T3 surface, analysis of numerous clustered sites on AA2024-T3 was 
performed in Chapter 7. Remembering that a single intermetallic particle can contain 
more than one distinct composition, whereby each composition was referred to as an 
intermetallic “domain” in Chapter 7. 
Although clustering of intermetallic domains influenced severe local attack, the 
sites with the highest number of domains or the largest S-phase surface area were not 
necessarily the most severely corroded site. Within 16 minutes of immersion, the sites 
that were relatively more severely attack typically contained at least a single S-phase 
domain with a surface area that was larger than the total surface area of the 
surrounding Type 2, 5 and 6 domains combined. In the absence of the rare earth-
MAcet inhibitors, an increase in the surface area of S-phase relative to the total surface 
area of the surrounding Type 2, 5 and 6 domains resulted in an increase in the radius 
of the surrounding corrosion ring. In contrast, the presence of either of the rare earth-
MAcet inhibitors at a concentration of 10-4 M, the surface area of S-phase relative to 
the total area of the other intermetallic domain types was independent of the radius of 
the deposited inhibitor film over clusters.  
It should be noted that, due to the focus on the inhibitor deposits on the surface 
of AA2024-T3, the influence of subsurface modes of corrosion attack (such as 
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intergranualar corrosion) and the influence of the rare earth-MAcet inhibitor in the 
processes of the subsurface was not taken into account. Furthermore, the relatively 
simple WBE design of an Al-Cu alloy system means it is not able to simulate the 
corrosion behavior of complex alloy compositions. Such behavior includes the 
preferential dissolution of Mg out of S-phase domains. Finally the relatively short 
immersion time of 16 minutes, limits the practicality of the findings for corrosion at 
longer exposure times. As an example, the current work assumed corrosion rings to 
be an indication for severe attack, however, at longer immersion times, a different 
corrosion process may become more dominant over the effect of corrosion rings on 
the alloy surface. Furthermore, the EPMA analysis did not take into account that the 
characteristics of the alloy surface can differ significantly from site to site. Such 
aspects of this work is to be investigated in future.  
8.3. Hypothesised corrosion inhibition mechanism of the rare earth-MAcet 
inhibitors on AA2024-T3 
From this work, a mechanism of corrosion inhibition and film formation on 
AA2024-T3 by the rare earth-MAcet inhibitors was proposed. Figure 8.1 shows a 
schematic of the AA2024-T3 surface over a single S-phase particle and the process of 
corrosion upon immersion in the solution containing the rare earth-MAcet inhibitor at 
a concentration of 10-4 M.  
Figure 8.1b shows the surface upon immersion where the process of S-phase de-
alloying initiates. The inhibitor species deposits preferentially over S-phase domains 
to form the first of the inhibitors films (referred to as the S-phase film), which thereby 
limits de-alloying. The necessity of corrosion to occur prior to an inhibitor being able 
to deposit on the alloy surface has been observed in thiol-containing systems such as 
mercaptobenzothiazole and mercaptobenzimidazole119, Ce films160, 199 and other rare 
earth-organic systems such as cerium diphenylphosphate 162. The neutral conditions 
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deprotonate the carboxyl group on the inhibitor species, therefore the migration of the 
deprotonated rare earth-MAcet species (containing O- groups), will displace Cl- or 
OH- ions due to its increased negative charge. Simultaneously, or subsequent to the 
deposition of the S-phase film, another film deposits over the alloy matrix and the 
other intermetallic Types (referred to as the general film). The S signal suggests that 
the general film contains some MAcet or rare earth-MAcet species. In addition, the 
general film will also contain rare earth and metal alloy oxides or hydroxides. The 
nucleation and growth of this general film likely forms by means of the island growth 
mechanism proposed by Arnott and Hinton 170.  
At a concentration of 10-4 M, both the S-phase film and general film cannot 
provide perfect coverage. With increasing immersion times (longer than 30 minutes), 
this insufficient concentration allows corrosion processes to continue, resulting in the 
increased deposition of inhibitor deposits over S-phase and the local dissolution at 
weak sites of the general film. The dissolution of the general film at susceptible sites 
may be due to features on the AA2024-T3 alloy that are finer than the resolution of 
the surface characterisation techniques used in this work (SEM/EDS, ToF-SIMS and 
EPMA). These factors include the presence of impurities, dislocations, grain 
boundaries and other alloy defects. Changes in the local pH conditions over these 
susceptible sites within the general film result in the hydrolysis of bonds within the 
surrounding inhibitor film. Species containing any number of rare earth, MAcet or 
OH may be released from the general film and be free to deposit over the exposed 
surfaces and provide further corrosion protection. Theses deposits were seemingly 
randomly distributed over the alloy surface. The increasing cathodic inhibition 
afforded by Ce(dpp)3 was attributed to the dissociation of Ce allowing it to provide 
inhibition at other exposed sites (such as active intermetallic particles acting as local 
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cathodic sites) on the surface of AA2024-T3 135. A similar mechanism is proposed for 
the rare earth-MAcet inhibitors.  
Eventually the inhibitor will become “overwhelmed” with the level of corrosion 
on the alloy surface and subsequently be unable to prevent the complete de-alloying 
of S-phase. As shown in Figure 8.1c, the S-phase particle completely de-alloys and 
becomes a Cu-rich remnant particle. The Cu-rich remnant will act as an efficient 
cathode leading to trenching around the adjacent matrix surface.  
 
Figure 8.1: Schematic of the corroding AA2024-T3 surface at a site containing a single S-phase 
particle when immersed in a solution containing the rare earth-MAcet inhibitor at a 
concentration of 10-4 M. a) the as-polished surface. The as polished surface is assumed to have a 
native passive film. b) The initiation of S-phase de-alloying, the deposition of a surface film over 
the matrix and precipitation of an inhibitor film over the S-phase. c) The thickening of the 
surface film over the matrix and the S-phase, as well as trenching at the S-phase/matrix 
interface. 
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Figure 8.2 shows the schematic of the AA2024-T3 surface corrosion and film 
formation process when the rare earth-MAcet inhibitors were present in solution at a 
concentration of 10-3 M. Figure 8.2b shows rapid deposition of an inhibiting surface 
film over the alloy surface leading to corrosion reactions being shut down within a 
matter of minutes. It must be noted that limited S-phase de-alloying must first occur 
for the inhibitor to deposit. The rapid deposition of the film limits the level of 
corrosion attack as well as being able to form a more complete and protective film. 
Once formed over S-phase, the de-alloying process is significantly stifled. This means 
that the deposition of the S-phase inhibitor film was minimal. The majority of the 
inhibitor film over the alloy was expected to consist of the general film over S-phase, 
the cathodic intermetallic particles as well as the alloy matrix. Susceptible sites are 
still expected over the general film which will cause the progression of corrosion 
reactions and enable the deposition of the third type of inhibitor film, the “local 
general deposits”. Figure 8.2c shows the surface has not significantly changed after 
24 hours of immersion. This is attributed to the efficient inhibition being provided by 
the deposited inhibitor films.  
Pr(MAcet)3 repeatedly performed better than the Ce(MAcet)3 inhibitor, as 
shown by the average icorr values of the polarisation data, the smaller volumes of 
inhibitor deposits in the SEM/EDS characterisation and the lower number of S-phase 
domains de-alloying in the scatter plots of the EPMA data. Markley et al. previously 
proposed that Pr increased the stability of Pr(dpp)3 at alkaline conditions compared to 
Ce 21. The higher efficiencies of Pr(MAcet)3 observed in this work was therefore 
attributed to the greater stability provided by Pr for the species that allow the 
deposition of a robust and inhibiting surface film. 
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Figure 8.2: Schematic of the corroding AA2024-T3 surface at a site containing a single S-phase 
particle when immersed in a solution containing the rare earth-MAcet inhibitor at a 
concentration of 10-3 M. a) the as-polished surface with the assumed native passive film. b) The 
rapid deposition of a continuous and relatively homogeneous film over the whole alloy surface. 
c) Due to the relatively high protection being provided by the deposited film, limited corrosion 
takes place beyond 30 minutes of immersion, resulting in limited change in the surface after the 
24 hour immersion period. It should also be noted that no trenching is observed and S-phase 
does not de-alloy. 
As the above mechanisms describes the process of corrosion locally around an 
S-phase particle, the effect of clustering by the other intermetallic types or 
compositions (referred to as domains in Chapter 7) must also be considered. In the 
absence of the rare earth-MAcet inhibitors, the presence of certain compositions of 
intermetallic domains and their corresponding surface area within a site were factors 
that influenced the severity of corrosion attack. Within a 16 minute immersion period, 
clusters of intermetallic domains did not need to have the higher number of separate 
domains within a 25 μm radius or contain the highest surface area of S-phase in order 
to undergo severe local corrosion attack relative to other clusters. Assuming that the 
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severity of corrosion attack was dependent on the presence of a corrosion ring, at least 
one S-phase domain had to be present and the surface area of S-phase had to be larger 
than the total surface area of Type 2, 5 and 6 domains combined. As surface area of 
S-phase increased relative to the surface area of Type 2, 5 and 6, an increase in the 
radius of the corrosion ring was expected and therefore a more severe level of attack. 
The driving force for corrosion at these sites are therefore greater as the surface area 
of S-phase becomes larger than the total surface area of the total surface area of Type 
2, 5 and 6 domains. This work suggests that severe corrosion attack is expected at 
sites containing S-phase and a cathodic intermetallic particle (Type 2, 5 or 6).   
The presence of either of the rare earth-MAcet inhibitors at a concentration of 
10-4 M resulted in no corrosion rings to be observed anywhere on the specimen. 
Assuming that the corrosion rings were formed as a result of the hydrogen evolution 
reaction at local sites, the inhibition of corrosion ring formation was attributed to the 
predominant cathodic inhibition of the rare earth-MAcet inhibitors at immersion times 
less than 30 minutes. Therefore, inhibitor species deposits preferentially even within 
an intermetallic cluster. The S-phase film is expected over S-phase domains while the 
general film deposits over the alloy matrix and Type 2, 5 and 6 intermetallic domains. 
The close proximity of the intermetallic domains may hinder this film formation 
process over the cluster itself resulting in corrosion attack and inhibitor deposition to 
be concentrated over the cluster.  
8.4. Future work and recommendations 
From this work, there are three main topics that should be explored further to 
support the proposed mechanism of inhibition. The first being a study on the 
speciation of the rare earth-MAcet inhibitors as a function of variables such as the 
solution pH and concentration. It is not confirmed whether the speciation behavior of 
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the rare earth-MAcet inhibitors would be similar to the observations of Seter et al. on 
La(4OH-Cin)3 on mild steel 138. Secondly, experiments should be conducted on a new 
WBE containing electrodes with the compositions of specific intermetallic particles. 
Such a WBE would more accurately simulate the corrosion behavior of the AA2024-
T3 alloy and may also be used to support the findings from the EPMA data from 
Chapter 7. Surface analysis of the WBE electrodes after each experiment would using 
SEM or other analytical technique needs to be performed to correlate much more 
closer the effects observed on the WBE with the findings in chapters 5 and 7. Finally 
a major area of study that can be considered essential in fully understanding these rare 
earth-MAcet inhibitor systems is to generate the chemical structures and approximate 
the corresponding behavior at certain sites on the surface of AA2024-T3 using 
computer simulation packages. The use of computer simulations in conjunction with 
experimental work would easily narrow down the possible mechanisms of 
bonding/adsorption on the alloy surface.  
Beyond understanding the specific details of the inhibition mechanism of the 
rare earth-MAcet system, one question that arises is: if synergistic inhibition is 
observable when a rare earth cation is combined with an organic ligand, will the 
combination of two different rare earth-organic compounds exhibit synergy as well?  
As an example, perhaps the combination of Ce(dpp)3 and Pr(MAcet)3 will result 
in the functionalities of the diphenyl phosphate and the mercaptoacetate ligands being 
utilised along with the inhibiting properties of cerium and praseodymium. 
Considering that no inhibitor system investigated so far has been able to rival the 
effectiveness and versatility of the chromate-based inhibitors, it would be interesting 
to determine whether combinations of rare earth-organic compounds may finally 
break reach this goal. The toxicity of the new compounds needs to be tested as being 
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environmentally friendly. The current work focused on understanding the inhibition 
mechanisms of the rare earth-MAcet system, and thus toxicity was intended for a 
future study. 
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Appendix 1 - The Multiwells Method 
A1.1. Introduction 
As mentioned in Chapter 1, numerous alternative inhibitor systems have been 
heavily investigated by many research groups in the hope to replace Chromate-based 
inhibitors. In recent years, research has focused on combining two or more different 
inhibitors together in the hope to achieved synergistic inhibition whereby the 
combined inhibitors achieve more effective inhibition than the individual inhibitors 
acting separately.  
With so many chemicals and potential inhibitors, there are thousands or even 
millions of possible combinations which may or may not result in an effective 
inhibitor. Using traditional corrosion experiments, such as immersion experiments, 
would require long experimentation periods, high volumes of inhibitor solutions and 
relatively large amounts of alloy samples. Not only is this time consuming but it is 
very costly. These issues are the main reasons for the rising popularity of high 
throughput experimentation. High throughput methods are designed to reduce the 
overall measurement time as well as the amount of material needed for each 
experiment. As mentioned in Chapter 2, the Multiwells Method makes it possible to 
conduct up to 88 individual immersion experiments within a 24 hour period and all 
on a single plate of alloy sheet metal. 
The current work attempted to understand the inhibition mechanisms of the rare 
earth-MAcet inhibitor system, the combination of which was actually selected from 
the results of the Multiwells experiments. Sodium mercaptoacetate (Na-MAcet) was 
selected as the organic component of the inhibitor by initially comparing nine organic 
compounds separately and mixed with either cerium or praseodymium. Na-MAcet 
demonstrated efficient inhibition at pH 3. It was therefore hypothesised that by 
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combining the efficient rare earth ions with MAcet, the resulting inhibitor could 
potentially protect the AA2024-T3 alloy over a wider pH range than when they were 
acting separately. This appendix section details the results obtained from the 
Multiwells Method with the solutions containing MAcet. 
A1.2. Experimental procedure 
The details of the Multiwells Method are stated in the report by White et al.29 A 
plate of AA2024-T3 was abraded with 3M Scotch-Brite general purpose pads (non-
woven nylon/polyester with embedded aluminium oxide) under tap water and dried 
with lint-free tissues. A polydimethylsiloxane block with holes (the holes acted as 
wells) was clamped in place between a Perspex top-plate and the AA2024-T3 plate. 
Figure A1.1 shows a schematic of the Multiwells Method setup. Different solutions 
containing either dissolved rare earth chlorides, Na-MAcet or the rare earth-MAcet 
compounds were mixed in each well of a microplate to dilute each inhibitor to the 
desired concentration. The concentrations used were identical to the concentrations in 
all other experiments as shown in Table 4.2. The pH of the solutions were adjusted 
with hydrochloric acid or sodium hydroxide prior to mixing in the microplate. The 
mixed solutions were transferred from the microplate into the corresponding well over 
the alloy plate. The solutions were then allowed to sit open to air for 24 hours and 
subsequently removed. The plate was rinsed with deionised water, dried with 
compressed air and left in a desiccator for at least 1 day prior to taking optical images. 
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Figure A1.1: a schematic of the Multiwells Method setup. The PDMS block is placed over the 
abraded AA2024-T3 sheet metal. The holes in the PDMS holds the different experimental 
solutions. 
Using Adobe Photoshop, the optical images were edited to combine the visual 
effects of pitting and the formation of corrosion product into one image. Pitting tended 
to darken the AA2024-T3 alloy surface while the formation of corrosion product 
would give a whitening effect, both of which were used as indicators for corrosion on 
the surface of the sample. Figure A1.2a shows a typical optical image of the AA2024-
T3 sample after being exposed to the Multiwells solutions. The images are edited in 
preparation for analysis. Figure A1.2b shows the edited image whereby the different 
corrosion effects and corrosion products can be easily recognised on each well and 
the unexposed surface is masked. Figure A1.2c shows the second edited image 
produced whereby each well is masked and only the unexposed surface is visible. 
These two masked images were compared and processed using an in-house 
application as detailed in the work of White et al.29 The program compares the level 
of corrosion present on each well to the unexposed surface to produce a corrosion 
value for each well. The corrosion values ranged between 0-10 whereby 0 
corresponded to no observed corrosion and 10 represented the highest level of 
corrosion observed amongst the wells.  
Control wells were always present on each plate of AA2024-T3 which included 
potassium dichromate at concentrations of 10-3 M, 10-4 M, 10-5 M and 10-6 M, 
deionised water with no inhibitor and 0.1 M NaCl solutions. These control solutions 
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ensured that the 0 and 10 corrosion values were consistent in all Multiwells 
experiments. The corrosion values in the current work were calibrated with weight 
loss data in the presence of varied concentrations of potassium dichromate (from the 
work of White et al.29 adapted from ASTM G-31).  
a) 
 
b) 
 
c) 
 
Figure A1.2: Optical images used for the analysis of each well. a) Optical image of a section of a 
Multiwells Method plate. b) The optical image edited and the unexposed area masked. c) The 
optical image edited and each well masked. 
A1.3. Results 
Figure A1.3 shows the results from the Multiwells experiments for the inhibitors 
containing cerium. The uninhibited NaCl and 3Na-MAcet solutions were also 
included for comparison purposes. At pH 3, 3Na-MAcet gave the lowest corrosion 
value of 1 and at pH 6, CeCl3 gave the lowest corrosion value of 2. With increasing 
pH, the level of corrosion with the mixture, Ce+3MAcetMIX, would generally 
increase, whereby Ce+3MAcetMIX even exceeded the corrosion value of the 
uninhibited NaCl solution at pH 10. The level of corrosion with the Ce(MAcet)3 
compound remained almost constant at all pH levels having corrosion values of 6-7. 
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Except for the case at pH 6, Ce(MAcet)3 demonstrated either identical or improved 
corrosion inhibition relative to CeCl3 as shown by the lower corrosion values.  
 
Figure A1.3: Multiwells Method results at pH 3, 6, 8.5 and 10. The solutions included the 
uninhibited NaCl (black), 3Na-MAcet 3x10-4 M (maroon, dash line), CeCl3 10-4 M (violet, dot 
line), Ce+3MAcetMIX 10-4 M+3x10-4 M (orange) and Pr(MAcet)3 10-4 M (light blue, dash dot 
line). The corrosion values are comparable with weight loss corrosion rates (shown on the right 
side y-axis) 
Figure A1.4 displays the Multiwells Method results for the praseodymium 
inhibitors. Excluding 3Na-MAcet, the corrosion value exhibited by each inhibitor 
increased as pH became more alkaline. At all pH conditions, PrCl3 was less effective 
in reducing the corrosion value than either Pr+3MAcetMIX or Pr(MAcet)3. The 
corrosion value for the Pr+3MAcetMIX were either less than or equal to the 
Pr(MAcet)3 compound. The largest difference was observed at pH 6 between the 
single inhibitors (corrosion value of 8) and both Pr+3MAcetMIX and Pr(MAcet)3 
(corrosion value of 3).  
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Figure A1.4: Multiwells Method results at pH 3, 6, 8.5 and 10. The solutions included the 
uninhibited NaCl (black), 3Na-MAcet 3x10-4 M (maroon, dash line), PrCl3 10-4 M (green, dot 
line), Pr+3MAcetMIX 10-4 M+3x10-4 M (blue) and Pr(MAcet)3 10-4 M (dark yellow, dash dot 
line). The corrosion values are comparable with weight loss corrosion rates (shown on the right 
side y-axis) 
Figure A1.5 shows the Multiwells Method results at different pH conditions for 
the solutions containing Ce(MAcet)3 or Pr(MAcet)3 at concentrations of 10-4 M and 
10-3 M. The increased concentration of Ce(MAcet)3 to 10-3 M resulted in at least 2 
corrosion values lower compared to when the concentration was 10-4 M for all pH 
conditions. The pH remained relatively constant for each concentration having 
corrosion values of 6-7 at 10-4 M and 3-4 at 10-3 M.  
In contrast, the higher concentration of 10-3 M Pr(MAcet)3 in solution did not 
always yield lower corrosion values than at the lower concentration of 10-4 M. The 
Pr(MAcet)3 10-3 M solution demonstrated a relatively more consistent corrosion 
value, varying between 4-5, compared to the lower concentration of 10-4 M which 
varied between 4-7 over the different pH conditions. This may be an indication of 
more efficient inhibition for Pr(MAcet)3 when the concentration is sufficiently high. 
The Multiwells Method 
  P a g e  | 230 
 
Figure A1.5: Multiwells Method results at pH 3, 6, 8.5 and 10. The solutions included are 
Ce(MAcet)3 10-4 M (light blue), Ce(MAcet)3 10-3 M (light blue with diagonal lines), Pr(MAcet)3 
10-4 M (dark yellow) and Pr(MAcet)3 10-3 M (dark yellow with horizontal lines). The corrosion 
values are comparable with weight loss corrosion rates (shown on the right side y-axis) 
A1.4. Discussion 
A1.4.1. Corrosion inhibition of Na-MAcet at pH 3 
The lowest corrosion value achieved by any of the inhibitors in the Multiwells 
experiment was Na-MAcet at pH 3 as shown in Figure A1.3 and Figure A1.4. At pH 
6, the corrosion value for this inhibitor appeared to increase sharply to a value of 8, 
staying at a value of 7 for pH 8.5 and 10. Corrosion acceleration and not corrosion 
inhibition would be expected in acidic conditions according to the observations of 
various authors who experimented on mercaptoacetic acid and thiourea derivatives. It 
was proposed by Abiola et al. that the protonation of mercaptoacetic acid accelerated 
the hydrogen evolution reaction in a 0.5 M hydrochloric acid solution on the surface 
of the 3SR aluminium alloy 200. On mild steel, Mahgoub concluded several thiourea 
derivatives were protonated in the sulphuric acid solution which effectively stifled the 
inhibitor deposition and thus the level of inhibition 201. The conditions used by these 
authors were much more acidic than pH 3. Clearly, the state of the alloy surface and 
the species present in solution could have affected the behaviour of any inhibitor in a 
given environment.  
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McCafferty demonstrated how the surface charge could be changed by factors 
such as pH and alloying elements on the surface 202. An example of this was reported 
by Mazhar et al. who observed that at acidic conditions such as pH 2, Al and Al-Si 
alloy surfaces displayed higher levels of corrosion compared to more alkaline 
conditions. Mazhar suggested the surface would be positively charged in acidic 
conditions therefore attracting Cl- ions and leading to a more efficient rate of film 
breakdown 203. The bulk solution pH would most definitely alter the surface over the 
AA2024-T3 matrix and intermetallic particles thus affecting the interaction between 
the alloy and the inhibitor.  
It is also possible that the species of Na-MAcet present in solution at pH 3 were 
much more effective in inhibiting corrosion on AA2024-T3 as compared to the 
species at pH 6, 8.5 or 10. Horner stated that both the structure and the spatial 
separation between functional groups are key aspects in the corrosion inhibition of a 
given inhibitor 204. This was confirmed by Harvey et al. who observed minor changes 
in molecular structure, such as the positioning of bonds, resulted in significant 
variations in corrosion inhibition 20. Protonation of the Na-MAcet molecule could 
have been responsible for causing a change in molecular structure and the mechanism 
of inhibition. The pKa values for the carboxyl and for the thiol group in Na-MAcet 
are at 3.67 and 10.5 respectively 166, 205. Species of Na-MAcet at pH 3 would therefore 
be protonated while deprotonated at pH 6. The chemical structure possibly caused 
mercaptoacetic acid to be a corrosion accelerant while Na-MAcet was a corrosion 
inhibitor in acidic conditions, as well as, the sudden increase in corrosion values 
between pH 3 to pH 6.  
A1.4.2. Inhibition with the rare earth-MAcet compounds 
Due to the low corrosion values provided by Na-MAcet at pH 3, it was selected 
to be synthesised with a rare earth cation to produce a rare earth-MAcet inhibitor 
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compound. It was initially hypothesised that a rare earth-MAcet compound would 
result in an inhibitor that could protect AA2024-T3 at a wider inhibition range at least 
from acidic to neutral conditions. From the Multiwells Method experiments, the rare 
earth-MAcet compounds failed to reduce the corrosion value to the same extent as 
Na-MAcet at pH 3. Instead, the corrosion values appeared to be more constant over 
all the experimented pH conditions. While the rare earth-MAcet inhibitors were not 
as effective as CeCl3 or Na-MAcet at pH 6 and pH 3 respectively, they either equalled 
or achieved lower corrosion values at pH 8.5 and 10. This may suggest an improved 
corrosion inhibition under alkaline conditions compared to their corresponding single 
inhibitors. Therefore the rare earth-MAcet did achieve the goal to widen the inhibition 
pH range compared to its single inhibitor counterparts.  
A1.5. Conclusions 
Na-MAcet was found to be an effective inhibitor for AA2024-T3 at pH 3. 
Multiwells Method experiments found that the synthesised rare earth-MAcet 
inhibitors did not yield lower corrosion values under acidic conditions, but were 
successful at pH 8.5 and 10. The fact that corrosion values were more consistent over 
the experimented pH conditions suggests that the rare earth-MAcet inhibitors did 
succeed in increasing the pH range at which effective inhibition could be provided by 
the rare earth chloride salts or Na-MAcet. For this reason, further experiments on the 
rare earth-MAcet inhibitors were performed to better understand their corresponding 
inhibition mechanisms.  
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Appendix 2 - Characterisation of the rare earth-MAcet 
compounds 
A2.1. Introduction 
There are numerous possible organic ligands that can be combined with the 
majority of the known lanthanides to synthesise a rare earth-organic corrosion 
inhibitor. The synthesis of a compound may require adjustments to the solution pH or 
even temperature 206, 207. It should be noted that the comparison of different synthesis 
methods is beyond the scope of this thesis, however, an understanding of the 
composition of the inhibitor is necessary when evaluating the corresponding 
inhibition mechanism. 
As mentioned in Chapter 4, the earth-MAcet inhibitors were synthesised by 
means of aqueous metathesis whereby the corresponding single inhibitors were mixed 
together in a solution of 50 % deionised water and 50 % methanol. The resultant 
precipitate, in powder form, was washed and filtered at least twice in deionised water. 
The filtered powder was left in a vacuum oven overnight at 60 °C to remove any 
excess moisture. 
Elemental analysis was conducted by Chemical & MicroAnalytical Services 
Pty. Ltd. and the ICP-OES at the CSIRO, Materials characterisation laboratory. These 
enabled approximations to be made on the number of water molecules as well as the 
ratio of rare earth cations to the S containing ligand within the inhibitor complex. To 
better understand the general structure of the inhibitor complex, X-ray photoelectron 
spectroscopy and Raman spectroscopy analysis were conducted on the inhibitor 
powders.  
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A2.2. Experimental Instruments 
A2.2.1. X-ray photoelectron Spectroscopy (XPS) analysis 
XPS analysis was performed using an AXIS Ultra DLD spectrometer (Kratos 
Analytical Inc., Manchester, UK) with a monochromated Al Kα source. The source 
was powered to 144 W (12 kV x 12 mA). The total pressure was typically 10-8 mbar 
within the main vacuum chamber during analysis. The CasaXPS processing software 
was used to for data processing version 2.3.15. The accuracy associated with 
quantitative XPS is approximately 10-15 % 
A2.2.2. Raman Spectroscopy analysis 
A Renishaw inVia confocal microscope system was used to conduct all Raman 
spectroscopy experiments. Each sample was illuminated with an argon laser (with a 
wavelength of 514 nm) through a 50x objective. The spot size was approximately 1 
μm and the incident power of the laser was about 1 mW. Spectra were collected over 
the wavenumber range of 200 cm-1 to 4000 cm-1 over each inhibitor powder. Each 
spectra was averaged over 5 scans.  
A2.3. Results and discussions 
A2.31. Analysis of the inhibitor powders using XPS 
Table A2.1 shows the results of XPS results when both rare earth-MAcet 
inhibitors in powder form were analysed. The presence of sulphate species were 
observed using this technique. This suggests that during or after the synthesis of these 
rare earth-MAcet inhibitors, some sulphate species are immediately produced. It is 
also possible for the rare earth-MAcet species to deteriorate into sulphate species due 
to exposure to air etc. However, it is still clear that the majority of species are 
composed of the thiol group.  
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Table A2.1: XPS analysis of the Ce(MAcet)3 and Pr(MAcet)3 powders. The concentrations are 
presented in atomic concentration relative to the concentration of carbon. 
Inhibitor Ce(MAcet)3 (at. Ratio vs C) 
Pr(MAcet)3 
(at. Ratio vs C) 
Carbon 1.00 ± 0.000 1.00 ± 0.000 
Oxygen 0.802 ± 0.000 0.826 ± 0.009 
Cerium 0.244 ± 0.003 - 
Praseodymium - 0.332 ± 0.026 
SH species 0.232 ± 0.001 0.253 ± 0.000 
SO4 species 0.024 ± 0.003 0.017 ± 0.000 
 
A2.32. Raman Spectroscopy 
Figure A2.1 shows the Raman spectroscopy spectra for the powders of Na-
MAcet, Ce(MAcet)3 and Pr(MAcet)3. The presence of the C-S bend in all powders 
suggests that they all contained mercapto species. It was interesting that the SH peak 
at 2554.3 cm-1 was not present in the rare earth-MAcet inhibitors and there is a shift 
in the SH bend from 905.5 to 889.6 cm-1. This may be an indication of a change in the 
MAcet ligand as a result of the synthesis process or the complex has a tendency to 
oxidise into sulphate species in air. The latter seems more likely considering that Na-
MAcet itself readily oxidises into disulphate in air.  
The detection of SO4 wagging signal at 498.7 cm-1 in the spectra for the rare 
earth-MAcet powders suggests the presence of sulphate species along with mercaptan 
species within the powder. This is supported by the detection of both the mercaptan 
and sulphate species within the XPS.  
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a) 
b) 
 
c) 
 
Figure A2.1: Raman spectra of the powders of a) Na-MAcet, b) Ce(MAcet)3 and c) Pr(MAcet)3. 
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A2.4. Conclusion 
XPS and Raman spectroscopy detected both mercapto and sulphate species in 
the rare earth-MAcet inhibitor powders, the majority being the mercapto species. 
While the reasons for this is not clear, it seems likely that a portion of the rare earth-
MAcet species are oxidised into sulphate species considering the high tendency of 
Na-MAcet to oxide to disulphate. 
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Appendix 3 – EDS spectra of the immersion samples 
The mixture Ce+3MAcetMIX (CeCl3 10-4 M, 3Na-MAcet 3x10-4 M) 30 minutes 
immersion at point A (Figure A3.1) and point B (Figure A3.2). 
 
Figure A3.1: The EDS spectra of the mixture Ce+3MAcetMIX at point A immersed for 30 
minutes as shown in Figure 5.14a. 
 
Figure A3.2: The EDS spectra of the mixture Ce+3MAcetMIX at point B immersed for 30 
minutes as shown in Figure 5.14a. 
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The mixture Ce+3MAcetMIX (CeCl3 10-4 M, 3Na-MAcet 3x10-4 M) 24 hours 
immersion at point A (Figure A3. 3) and point B (Figure A3.4). 
 
Figure A3. 3: The EDS spectra of the mixture Ce+3MAcetMIX at point A immersed for 24 
hours as shown in Figure 5.14a. 
 
Figure A3.4: The EDS spectra of the mixture Ce+3MAcetMIX at point B immersed for 24 
hours as shown in Figure 5.14a. 
Figure A3.5 shows the typical spectra over S-phase for the sample immersed in 
Ce(MAcet)3 compound 10-4 M after a 30 minutes immersion. Note that for some S-
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phase, Mg was present but some did not detect any Mg indicating the significant de-
alloying that had taken place. 
 
Figure A3.5: The EDS spectra of the compound Ce(MAcet)3 at point A immersed for 30 
minutes as shown in Figure 5.15a. 
Figure A3.6 shows the typical EDS spectra over S-phase for the sample 
immersed with the compound, Ce(MAcet)3 10-4 M after a 24 hour immersion. Note 
that Mg was significantly de-alloyed. 
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Figure A3.6: The EDS spectra of the compound Ce(MAcet)3 at point A immersed for 24 hours 
as shown in Figure 5.15a. 
 
 
